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Abstract
This research describes the development of ALD processes for the deposition of nitride 
materials including tantalum, hafnium and gadolinium nitrides. Ta and Hf nitrides are of 
significant interests for sub-lOOnm silicon based electronic devices, while Gd nitride may be 
exploitable in future spintronic devices. ALD has been established a key manufacturing tool in 
microelectronics, the development of ALD processes for these nitrides are essential for future 
manufacturing of electronic devices and can benefit future manufacturing of spintronic 
devices. In the current research, these nitrides were deposited using ALD and the films were 
characterised using MEIS, AES, XRD, TEM, SEM, AFM, and a four point probe.
Ta nitride films were grown at temperatures ranging from 200°C to 375°C using ALD with 
Pentakis(dimethylamino)tantalum, Ta(NMe2)5 as the metal source and either ammonia or 
monomethyl-hydrazine (MMH) as a nitrogen co-reactant. Self-limiting behaviour was 
observed for both ammonia and MMH processes, with growth rates of 0.6 and 0.4 A/cycle 
respectively at 300°C. Films deposited using ammonia were found to have a mono-nitride 
stoichiometry with a cubic microstructure and resistivities as low as 70 mQ.cm. In contrast, 
films deposited using MMH were found to be nitrogen rich TasNs with an amorphous 
microstructure and high resistivities (>4 Q.cm). A QCM was used to measure mass gain and 
loss during the cyclic ALD processes and the data was used in combination with MEIS to 
elucidate the Ta(NMe2)5 absorption mechanisms.
For Hf nitride, films were firstly deposited using thermal ALD with 
tetrakis(dimethylamino)hafnium, Hf(NMe2)4 and ammonia between 100 and 400°C. Self- 
limiting behaviour was observed, however, the films exhibit a low density and were prone to 
oxidation during post-deposition exposure to air. A comparison between thermal and PE ALD 
was then made at 300°C with tetrakis(ethylmethylamino)hafnium, Hf(NEtMe)4 as the metal 
source and either molecular or plasma-cracked ammonia as a nitrogen source. PEALD allows 
shorter purge time, which significantly reduces the cycle length; PEALD also results in higher 
film density. The densities of the films deposited by PEALD and thermal ALD were found to 
be 11.6 and 9.7 g/cm3 respectively. Mass spectroscopy indicates that the process 
characteristics in PEALD are attributed to the nature of the co-reactants, namely, radicals of 
hydrogen and nitrogen. Their high reactivity and short life time are responsible for the resulted 
high density and the short required purge time. All films deposited were found to be insulators 
and with an amorphous microstructure. The films deposited by PEALD remain amorphous 
and stable with no interactions between Hf and Si after vacuum annealing up to 800°C.
Gd nitride films were successfully deposited using a cyclic PEALD based process. The 
deposition was carried out with tris(methylcyclopentadienyl)gadolinium, Gd(MeCp)3, and 
remote nitrogen plasma exposure, separated by argon pulses. Films were deposited at 
temperatures between 150 and 300°C and capped with Ta nitride to prevent post deposition 
oxidation. Gd nitride with a 1:1 Gd:N ratio, low oxygen incorporation (5%), good thickness 
uniformity (95%), an amoiphous micro structure and smooth surface (Ra.=~0.7nm) have been 
deposited. Deposition with tris(silylamide)gadolinium, Gd{N(SiMe3)2}3, and either ammonia 
or MMH was also investigated. Although the process using ammonia was unsuccessful due to 
the insufficient reactivity of ammonia, the results show that a reaction between 
Gd{N(SiMe3)2}3 and MMh does take place. Gd{N(SiMe3)2}3 was found to be a self-limiting 
precursor, however, the as deposited films were found to be GdSixOy. The silicon 
incorporation was attributed to partial breakdown of silylamine groups, where the oxygen 
incorporation was attributed to the possible tetrahydrofuran (THF) contamination in the 
precursor.
i
Acknowledgements
I would like to thank the following.
Dr. R. J. Potter (University of Liverpool) for his supervision, support, ideas, discussions, 
and guidance.
Prof. P. R. Chalker (University of Liverpool) for his supervision and advice.
Dr. M. Werner (University of Liverpool) for his guidance of MEIS experiments and data 
interpretation.
Dr. T. Noakes and Dr. P. Bailey (CCLRC Daresbury Laboratory) for providing technical 
support during the MEIS experiments.
Prof. H. Jeon (Hanyang University, Korea) and Dr. G. Critchlow (Loughborough 
University) for providing AES results.
Dr. R. Murray (University of Liverpool) for providing TEM results and discussions in 
EDX spectra.
K. Dawson (University of Liverpool) for providing SEM measurements and discussions 
in EDX spectra.
Dr. P. Marshall (University of Liverpool) for his guidance and discussions in ellipsometry 
measurements.
Dr. H. Aspinall and Dr. P. Williams (University of Liverpool) for their discussions and 
profound knowledge in chemistry.
Dr. N. Pham, P. King, and S. Bindley, D. Atkinson (University of Liverpool) for results 
discussions.
Dr. Q. Fang and Dr. C. Hodson (Oxford Instruments Plasma Technology) for the reactor 
technical support.
The Engineering and Physical Sciences Research Council for their financial support.
And finally to my dear wife Yunwei and my family for their encouragements and support.
11
Publications
1. Ziwen Fang, Helen C. Aspinall, Rajesh Odedra and Richard J. Potter, ‘Atomic 
layer deposition of TaN and TasNs using pentakis(dimethylamino)tantalum and either 
ammonia or monomethylhydrazine,5 Journal of Crystal Growth, (2011) 
doi:10.1016/j.jcrysgro.2011.07.012
2. Ziwen Fang, Paul A. Williams, Hyeongtag Jeon, Richard J. Potter, ‘Plasma 
enhanced atomic layer deposition of gadolinium nitride’, publication pending, (2011)
Contents
Abbreviations viii
Chapter 1 Introduction 1
Chapter 2 Literature review
2.1 Introduction to nitrides...............................................................................................7
2.1.1 Transition metal nitrides and applications...................................................... 7
2.1.2 Rare-earth (Lanthanide) nitrides and applications........................................12
2.2 Deposition techniques.............................................................................................. 15
2.2.1 Physical based deposition............................................................................... 16
2.2.2 Chemical based deposition............................................................................. 17
2.3. Atomic Layer Deposition........................................................................................18
2.3.1. Principle..............................................................................................  19
2.3.2 Features - self-limiting behaviour.................................................................21
2.3.3 Nitride ALD..................................................................................................... 26
2.3.3.1 Metal precursors...................................................................................27
2.3.3.2 Co-reactants......................................................................................... 31
2.3.4 ALD reactors.................................................................................................... 32
2.3.4.1 Pumps.................................................................................................... 32
2.3.4.2 Chamber and substrate holder.............................................................33
2.3.4.3 Precursor delivery methods.................................................................34
2.4 References................................................................................................................. 38
Chapter 3 Experimental methods
3.1 Intro duction.............................  48
3.2 Atomic Layer Deposition....................................................................  48
3.2.1 OpAL thermal reactor..................................................................................... 49
iv
3.2.2 Plasma reactors 54
3.2.3 Substrates.........................................................................................................56
3.3. Film characterisation techniques...........................................................................57
3.3.1 Ellipsometry......................................................................................................57
3.3.1.1 Background...........................................................................................57
3.3.1.2 Rudolph research Auto EL IV...........................................................60
3.3.1.3 Data processing.................................................................................... 62
3.3.2 Weight gain...................................................................................................... 67
3.3.3 Quartz Crystal Microbalance (QCM)............................................................69
3.3.4 Mass spectrometry...........................................................................................72
3.3.5 Electron Microscopes...................................................................................... 72
3.3.5.1 Scanning Electron Microscope...........................................................73
3.3.5.2 Energy Dispersive X-ray (EDX) Analysis........................................ 74
3.3.5.3 Other microscopes - TEM and AES.................................................. 75
3.3.6 Atomic Force Microscopy (AFM).................................................................77
3.3.7 Medium Energy Ion Scattering (MEIS)..........................................................79
3.3.7.1 Background...........................................................................................79
3.3.7.2 Experimental procedure...................................................................... 81
3.3.13 Experimental parameters.................................................................... 83
3.3.7.4 Data processing.................................................................................... 85
3.3.8 X-ray Diffraction (XRD)................................................................................ 88
3.3.9 Four point probe............................................................................................... 90
3.4 References............................................................................................................ 93
Chapter 4 Tantalum nitride
4.1 Introduction............................................................................................................... 95
4.2 Results and discussion.............................................................................................99
v
4.2.1 Growth characteristics 100
4.2.2 QCM analysis.................................................................................  104
4.2.3 Chemical composition.................................................................................. 109
4.2.4 Electrical properties and crystallography.................................................... 113
4.3 Summary................................................................................................................. 118
4.4 References............................................................................................................... 119
Chapter 5 Hafnium nitride
5.1 Introduction............................................................................................................. 122
5.2 Results and discussion........................................................................................... 124
5.2.1 Thermal ALD of HfNx.................................................................................. 124
5.2.2 Thermal vs. plasma enhanced ALD............................................................. 131
5.2.2.1 Growth characteristics.......................................................................132
5.2.2.2 Composition analysis.........................................................................137
5.2.2.3 Micro structure and electrical properties..........................................140
5.2.2.4 Thermal stability................................................................................ 142
5.3 Summary................................................................................................................. 145
5.4. References.............................................................................................................. 145
Chapter 6 Gadolinium nitride
6.1 Introduction............................................................................................................. 148
6.2 Results and discussion...........................................................................................151
6.2.1 Gd(MeCp)3 thermal ALD.............................................................................151
6.2.2 Gd(MeCp)3 PEALD.......................................................................................158
6.2.2.1 N2 vs. H2/N2 plasma...........................................................................159
6.2.2.2 N2 plasma process - Growth characteristics................................... 162
6.2.2.3 N2 plasma process - Chemical composition................................... 166
6.2.2.4 N2 plasma process - microstructure and morphology................... 171
vi
6.2.3 Gd{N(SiMe3)2}3 thermal ALD................................................................... 172
6.3 Summary................................................................................................................. 180
6.4 Reference................................................................................................................ 182
Chapter 7 Conclusions and suggestions for possible future work
7.1 Tantalum nitride......................................................................................................184
7.2 Hafnium nitride.......................................................................................................186
7.3 Gadolinium nitride................................................................................................. 188
7.4 Suggestions for possible future work................................................................... 189
7.5 Reference................................................................................................................ 194
Appendix 1.........................................................................................................................195
vii
Abbreviations
ALD Atomic layer deposition
AFM Atomic force microscope
Ra Arithmetical mean roughness
AES Auger electron spectroscopy
BIL Bottom interface layer
CVD Chemical vapour deposition
CMOS Complementary metal oxide semiconductor
DRAM Dynamic random access memory
EDX Energy dispersive X-ray spectroscopy
ICP Inductively coupled plasma
ITRS International technology roadmap for semiconductors
MFC Mass flow controller
MRAM Magnetic random access memories
MEIS Medium energy ion scattering
MOS Metal oxide semiconductor
MOSFET Metal oxide semiconductor field effect transistor
MBE Molecular beam epitaxy
MMH Monomethylhydrazine
PDMAT Pentakis(dimethylamino)tantalum
PEMAT Pentankis(ethylmethylamino)tantalum
PVD Physical vapour deposition
PEALD Plasma enhanced atomic layer deposition
PLD Pulsed laser deposition
PZT Piezoelectric transducers
QCM Quartz crystal microbalance
RF Radio frequency
RE Rare earth
REN Rare earth nitrides
RBS Rutherford backscattering spectroscopy
SEM Scanning electron microscope
TIL Top interface layer
TEM Transmission electron microscope
TFEL Thin film electroluminescent displays
TMA Trimethylaluminum
Vlll
TBTDET (T ertbutylimido)tris (diethylamido)tantalum
TDMAH Tetrakis(diemethylamino)hafnium
TEMAH Tetrakis(ethylmethylamino)hafnium
THF T etrahydro furan
TGA Thermogravimetric analysis
TEA Toroidal electrostatic analyzer
UY Ultraviolet
VLSI Very large scale integration
XRD X-ray diffraction
IX
Chapter 1. Introduction
The research in this thesis describes atomic layer deposition (ALD) processes for the 
manufacture of tantalum, hafnium and gadolinium nitrides. Ta and Hf nitrides are 
transition metal nitrides, which are of significant interest for sub-lOOmn silicon 
devices for the microelectronic industry. Gd nitride is a member of the rare-earth 
nitrides family, these are a group of materials which are largely untapped, but have 
potential to be used for spintronic devices. Since the two material groups have 
different properties and applications, the motivations and objectives are presented 
separately in the following sections.
Transition metal nitrides, such as Ta and Hf nitrides are highly refractory and have 
high thermal stability, good chemical resistance, superior hardness, good adhesion 
property, and can have low electrical resistivity.1-^ Both Ta and Hf nitrides have two 
main stoichiometric phases, mono nitrides and nitrogen rich nitrides, where the 
former are electrical conductors (resistivity < 200 pXXcm),[2,3] and the latter are highly 
resistive (resistivity > 6 G.cm).[4,5] Thin films of these nitrides have been identified as 
good candidates for diffusion barriers^6,71 and gate electrodes1^9-1 in microelectronics. 
Due to the high resistivities of nitrogen rich nitrides, which significantly increase 
power consumption and heat generation of electronic devices, conductive mono 
nitrides are currently desirable.[10] Control over stoichiometry is therefore, essential 
during the deposition processes. The conventional ways to deposit these nitrides are 
physical based deposition techniques and chemical vapour deposition (CVD). 
Although these techniques can control the stoichiometry and deposit high quality 
films on plane substrates, they are not well suited to coating complex structures.'1-11]
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With the continuous downscaling of electronic devices, increasingly high aspect ratio 
3D structures are being employed^12-1 To fully implement the applications of the Ta 
and Hf nitrides, conformal coatings on these structures are required, which has raised 
a significant challenge for the conventional deposition techniques.
ALD is a deposition technique relying on self-limiting surface reactions and has 
fascinating features including, precise thickness control, large area uniformity, batch 
process capability, and conformality over complex structures.^13,141 Nitride deposition 
using ALD can therefore overcome the challenges associated with the continuous 
downscaling of microelectronic devices. However, to date, ALD studies of Ta and Hf 
nitrides have been very limited and in addition, the control of stoichiometry has been 
a challenge for thermal ALD. The early part of this thesis deals with these issues and 
the following objectives are identified:
• To find the optimum growth conditions for self-limiting ALD deposition of Ta 
and Hf nitrides.
• To control nitride stoichiometry using different nitrogen containing 
co-reactants.
• To determine how growth conditions affect the film composition, crystal 
structure, thermal stability and electrical properties. Use analytical tools 
including MEIS, XRD, TEM, SEM, EDX, and a four point probe to 
investigate these properties.
• To gain an understanding of the reactions/mechanisms involved in the ALD 
process using in-situ analytical techniques such as quartz crystal microbalance 
(QCM) and mass spectrometry in addition to the ex-situ characterisations.
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Rare-earth nitrides are a group of materials that possess a unique combination of 
magnetic and electronic properties. A number of rare-earth nitrides (GdN,[15“21] 
DyN,[22] SmNt22] and ErN[23] ) are classified as ferromagnetic semiconductors. Among 
them, GdN has attracted most attention due to its high Curie temperature (~70K) and 
large magnetic moment (7pB/Gd3+).'15"19® The magnetism of GdN arises from the 
highly localized 4/electron shell of the Gd metal,[15-19] while the electronic property is 
determined by the itinerant s-d electronsFerromagnetic semiconductors are very 
rare, and this unique combination has made GdN extremely attractive for spintronic 
devices.[15"19]
To data, only a handful of papers are available on the deposition of GdN, which is 
perhaps due to the challenges involved in the processes. Gadolinium has a high 
affinity to oxygen, which means that even trace levels of oxygen impurities during the 
deposition would lead to oxide formation.1251 In addition, GdN films can convert to 
oxide when exposed to air at ambient temperature within a few tens of seconds.[25] 
Unfortunately, Gd oxide is antiferromagnetic and is of no use in spintronics.|26,27J It is 
therefore anticipated that GdN may be exploitable in spintronics if it can be made 
with high purity. Despite these difficulties, GdN has been deposited using MBE,[25,28] 
PVD,[29>30] FED,118-1 and very recently using CVDJ3 1,321 Comparing to these 
techniques, ALD offers high conformability, large area uniformity and sub-nanometre 
thickness control.113,141 ALD has been established as a key manufacturing tool in the 
microelectronic industry,*121 and a successful ALD process for GdN may benefit the 
future manufacturing of spintronic devices. However to date, no ALD studies on rare- 
earth nitrides has been reported, and the possibility of depositing such challenging 
materials using ALD remains unclear. The latter part of this thesis is dedicated to 
answering this question and the following objectives are identified:
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• Use self-limiting ALD processes to deposit GdN films that are suitable for 
further explorations in spintronics.
• To determine how growth conditions affect the film composition, crystal 
structure, and surface roughness using EDX, MEIS, AES, XRD, and AFM.
The remainder of this thesis is organized as follows. Chapter 2 provides background 
to the research work and includes an overview of nitride materials and their major 
applications. ALD is also reviewed from first principles through to practical 
applications and in particular, nitride ALD processes are discussed. In chapter 3, the 
growth processes and analytical techniques used throughout this thesis are described. 
Chapter 4 presents the results and discussions of the thermal ALD processes of Ta 
nitride. Chapter 5 investigates the plasma enhanced ALD for the deposition of Hf 
nitride and a direct comparison has been made to the thermal ALD. In Chapter 6, a 
pioneering search for the suitable ALD processes of GdN is presented, which 
demonstrates the deposition of GdN using a PEALD based process for the first time. 
Finally, chapter 7 concludes the major outcomes of this research work, and also gives 
the suggestions of the possible future work.
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Chapter 2. Literature review
This chapter focuses on two major topics that are related to the research project, 
nitrides and Atomic Layer Deposition (ALD). Nitride materials including transition 
metal nitrides and rare-earth metal nitrides are reviewed and their thin film 
applications are introduced. ALD is reviewed from first principles to practical 
applications and in particular, nitride ALD processes are discussed. The aim of this 
chapter is to provide an overview and specific reviews dedicated to TaNx, HfNx and 
GdN are provided in chapter 4, chapter 5, and chapter 6 respectively.
2.1 Introduction to nitrides
This thesis describes the ALD coatings of tantalum, hafnium and gadolinium nitrides. 
Tantalum and hafnium nitrides are transition metal nitrides, while gadolinium nitride 
is a member of the rare-earth nitride family. Before introducing the deposition 
techniques, it is worthwhile to introduce these materials and their applications.
2.1.1 Transition metal nitrides and applications
Transition metal nitrides (M = Ti, Zr, Hf, V, Nb, and Ta) can be considered as 
interstitial alloys, where nitrogen atoms nest in the interstices of the metal lattice.^ 
To hold metal and nitrogen atoms together, three types of bonding including ionic, 
covalent, and metallic bonds are involved.*-11 Ionic and covalent bonds are responsible 
for metal-to-nitrogen connections, while metallic bonds are responsible for 
metal-to-metal connections. Due to the high overall bond energy (between ~13 and 
~16eV)[1-1 and a mixture of three types of bonding, transition metal nitrides can
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exhibit both ceramic and metallic characteristics. They are highly refractory and have 
high thermal stability, good chemical resistance, superior hardness, good adhesion 
property, and can have low electrical resistivity.121
As a consequence of these properties, thin films of transition metal nitrides are 
employed for many applications such as hard coatings,13'51 corrosion and abrasion 
resistant layers,16,71 and decorative coatings.18,91 They are also used for photonic 
applications such as photocatalysis,1101 and photoelectrolysis.1111 Furthermore, Ti,112,131 
Hf,1141 Zr,,:>1 and Nb1161 nitrides have been reported as high transition temperature 
superconductors. In microelectronics, transition metal nitrides are used as diffusion 
barriers,117'271 gate electrodes128'321 and work function tuning layers133'381 (Figure 2.1). 
Metal oxynitrides have also been investigated as the gate dielectric material in Metal 
Oxide Semiconductor (MOS) devices.1391 Because the aim of this thesis is to develop 
ALD processes for Ta and Hf nitrides, which are mainly used in microelectronics as 
diffusion barriers120,22,24,27,40'441 and gate electrodes,130,45,461 these applications are 
discussed in more detail below.
Top interface layer (TIL) Nitride gate 
Work function tuning
Buttom interface layer (BIL)
Cu-Si
diffusion barrier
Doped silicon substrate 
Channel
Tungsten Contact
High-/cdielectric
Gate
Copper interconnect 
Dielectric 
Nitride layers
High-k Oxynitride
Figure 2.1 A schematic of Metal Oxide Semiconductor Field Effect Transistor (MOSFET) 
indicating places that nitrides can he used (filled in blue).
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Diffusion barriers - The continual down scaling of MOS based silicon electronics is 
a demanding field of active research for thin film materials. The international 
technology roadmap for semiconductors (ITRS) indicates that new materials are 
required to enable 45nm node and smaller MOS devices.[47] Copper has attracted a 
significant interest and has already been employed as an interconnect material 
because of the low resistivity (1.67 pQ.cm) and high electron-migration 
resistanceJ48,49-1 However, copper-silicon diffusion occurs above 200°C and forms 
highly resistive copper silicide (CusSi).148'501 This is detrimental to devices because 
resistive interconnects would lead to high power consumption and heat generation, the 
device would even fail if current camiot pass through the interconnects.
To stop the diffusion, an effective diffusion barrier layer between copper and silicon 
is essential. The barrier material must have high thermal stability, good adhesion, 
chemical inertness to copper and silicon, and preferably low resistivity.124-1 Previous 
reports show that the diffusion takes place primarily along grain boundaries and 
therefore, amorphous or nanocrystalline microstructures are desirable.*-24’5^ Transition 
metals125,52’5^ and metal nitrides*-2,27^ have been investigated for this application. TiN 
has been the most thoroughly studied and the Cu/TiN/Si structure is reported to be 
stable up to 600oC.[42,54'57J TaN is considered to be a better candidate as the 
Cu/TaN/Si structure was reported to be stable up to 700°C. i20’22’24’27’40'42] Thin films of 
HfN also successfully inhibited the Cu-Si formation up to 700°C.1-43’44] The barrier 
characteristic of ZrNt58] and NbN^181 have both remained up to 550°C.
In addition to the Cu-Si barrier layer, nitrides can also be used as a diffusion barrier in 
the gate stack (Figure 2.1). Previous studies have shown that internal oxidation of 
silicon occurs above 500°C between silicon and high-k dielectrics such as HfC^59’60-1
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A thin layer SiCA is formed near the channel, which not only affects the overall 
equivalent oxide thickness,[59] but also decreases the channel mobility.^ Nitride has 
been demonstrated to suppress this oxidation and therefore can be used as a bottom 
interface layer (BIL) (Figure 2.1).[59’60] In addition, nitrides can also be used between 
the high-k dielectric and the gate as a top interface layer (TIL), which can prevent 
internal oxidation of the gate electro deJ61)62^
Gate electrode and work function tuning - Silicon dioxide has been used as the gate 
dielectric in Metal Oxide Semiconductor Field Effect Transistor (MOSFET).[63] 
However, as the dimensions of the device have been aggressively scaled down, the 
leakage current through the gate dielectric has significantly increased and this reduces 
device performance.[47] To maintain the low leakage current with a similar 
capacitance, high permittivity (k) materials were used instead of silicon dioxide. 
Silicon oxy-nitride was used in the lOOnm node devices, and a hafnium based oxide 
has been employed in the Intel 45nm node devices.[47]
To accommodate the change into hafnium based oxide, other modifications are 
required to the gate stack. Polycrystalline silicon has been used as the gate electrode 
material; however, it is not compatible with high-& dielectrics. Defects at the 
poly-Si/HfOi interface give rise to Si-Hf bonds, which lead to Fermi-level 
pinning[64,65J and result in high threshold voltage.[65] In addition, the downscaling of 
MOS devices also leads to a significant increase of depletion capacitance in the 
poly crystalline silicon at the interface with the gate dielectric.I-65-1 The increase has 
been mainly attributed to the fringing gate field,[66"68-1 which is schematically 
illustrated in Figure 2.2. With a shorter gate length, the depletion due to fringing 
fields at gate side walls contributes more to the overall depletion in poly-silicon. This
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decreases the overall capacitance and impairs device performance. To allow further 
downscaling of the devices, alternative gate materials are needed.[69]
DrainSourc
Substrate
Source Drain
Substrate
I 1 Poly-Si Gate 
I Channel
Depletion due to fringing gate fields
Gate dielectric ----- -► Fringing gate fields
Figure 2.2 A schematic illustration of the depletion region in poly-silicon gate due to fringing
gate fields.
It was anticipated that metal gates are needed alongside the introduction of high-A: 
dielectrics to overcome these challenges, and this has been implemented in the Intel 
45nm node devices.1471 The candidates must have low resistivity, high thermal 
stability, and chemical inertness to the high-& layer. The metallic nature would 
eliminate the depletion layer, the high thermal stability would reduce the interactions 
to the high-/: layer and hence can avoid Fermi-level pinning.1351 In addition, the 
candidates must also have an appropriate work function to match the operation of the 
silicon channel.1631 The optimal work function for the operation of n-MOS and p-MOS 
is near to the silicon conduction band (~4eV) and valence band (~5eV) 
respectively.170,711
Transition metal nitrides offer all these properties and more importantly, their work 
functions are tuneable within the range between 4 and 5eV. The effective work 
functions of TaNx and HfNx increase from ~4 to ~4.5 eV by adding nitrogen to the
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metal.*351 Most transition metal mono nitrides have a mid-gap work function,121 but 
can be altered by appropriate doping. The work functions of HfN and TaN have been 
reduced to ~4eV by doping lanthanide elements (La, Tb, Er, or Yb),*35’36,72,731 this is 
suitable for the use in n-MOS. The work functions of TaN and TiN have also been 
tuned up to ~5eV by doping aluminium,135,741 making them good candidates for the 
p-MOS gate electrode. Previous papers have successfully used TiN,*75'771 TaN178,791 
and HfN*31,321 gate electrodes in Hf02 based MOS devices and therefore, transition 
metal nitrides are promising candidates for gate electrodes and can fulfil the 
challenges raised by the introduction of high-/: dielectrics.
2.1.2 Rare-earth (Lanthanide) nitrides and applications
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Figure 2.3 Electron configuration of Lanthanide, n is the number of electrons in the 4f shell. 
The valence electrons are displayed in red.
Rare Earth (RE), also known as lanthanide, is a group of elements with their 4/’ 
electron shell progressively filled from 0 to 14 (Figure 2.3).1801 The majority of these 
metals (except Yb, Eu and Ce) exhibit magnetic properties.*811 Before introducing RE 
nitrides, it is worth explaining the origin of the magnetism in RE metals.
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Magnetism describes a phenomenon that materials attract or repulse other materials. 
Magnetic forces arise from the movement of electrically charged particles. An electric 
current moving through a wire is a typical example, and the resulting magnetic force 
can be determined by the ‘right hand rule’. In atomic scale, an electron is considered 
to rotate around the atomic nucleus, which can be considered equivalent to a current 
flow, resulting in a magnetic moment along the axis of rotation.
There is more than one electron in an atom and the magnetic moments of an electron 
pair cancel out. For an atom to exhibit any magnetic moment there must be at least 
one unpaired electron. Electrons in a completed filled shell or subshell pair together 
and a magnetic moment is impossible. Only atoms that have partially filled electron 
shells would give rise to unpaired electrons and have a magnetic moment. In most 
elements across the periodic table, although the outer shells are partially filled, 
electrons are not stable and tend to participate in bonding, which can eliminate any 
magnetism. The d and /electron shells are protected by outer shells, meaning that the 
unpaired electrons in these levels are stable and can give rise to a magnetic moment.
In RE metals (Figure 2.3), the 4/ electron shell is progressively filled but highly 
localized, meaning that there is little chance for these electrons to directly participate 
in bonding.[81] The unpaired electrons in this level are the origin of the magnetism of 
RE elements. [81'84] When a RE element forms compounds, three itinerant electrons in 
the 5d and 6s levels are responsible for bonding and depending on the bonding 
structure, the electronic property of the compound may vary.[81] In RE metals, the 
metallic bonds lead to conductive metal behaviour,t85] in RE compounds, the 
electronic properties are affected by the interactions between the metal to the adjacent 
element. ^
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RE nitrides (REN) can inherit the magnetism of RE metals but alter the electronic 
property. A number of REN are classified as ferromagnetic semiconductors.^86-' GdN 
has been most thoroughly studied and has been confirmed to process both 
ferromagnetic187’913 and semiconducting190’931 properties. DyN,[94] SmN,[87'941 ErN[951 
have also been found to be ferromagnetic semiconductors. PmN3963 and EuN397,983 have 
been found to show half-metallicity in the ferromagnetic state. HoN and TbN are also 
ferromagnetic but unfortunately, no electronic property has been investigated.1951 
Among these REN, GdN has attracted most interest because of its high magnetic 
moment (7pe/Gd3+) and relatively high Curie temperature (~70K).[87'91] Materials that 
combine ferromagnetism with either semiconducting or half-metallic properties are 
extremely rare, and can be exploited in spintronic devices.,-87'9i’99,100’1
Spintronics - In microelectronics, the charge of the electron has been used as a 
method of determining the ‘on’ and ‘off binary states in MOS devices. To convey 
this information, a sufficient number of charges must be supplied and detected. With a 
continuous downscaling of MOS devices following Moore’s law,[47] the detection of 
these charges will become more challenging. Spintronic devices exploit the spin of 
the carriers in addition their charge to register ‘on’ and ‘off states, researchers in 
spintronics have predicted that it is possible to detect one spin polarized electron.'1011 
This makes spintronics strong candidates for the next generation logic devices, 
however, a major challenge in integrating spin-based devices with charge-based ones 
is to find suitable materials that are both ferromagnetic and semiconducting.'1021
REN have these properties and can fulfil this challenge in spintronics.'87"91,99,100,103,1041 
Unfortunately, to date, no study has been available for REN based spintronic devices. 
The lack of work is perhaps due to the significant challenges associated with the
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deposition of these materials. RE elements such as gadolinium have a high affinity to 
oxygen, which means that even trace levels of oxygen impurities during the 
deposition would lead to oxide formation.[99J In addition, GdN can convert to oxide 
when exposed to air at ambient temperature within a few tens of seconds.[99] 
Unfortunately, oxygen contamination will largely inhibit the magnetism of GdN and 
therefore,C105,l06] it is essential to deposit high quality nitride films with low oxygen 
incorporation. Although no REN has been used in spintronic devices, other RE based 
materials have been previously employed. EuS,[107] which is also a ferromagnetic 
semiconductor with a Curie temperature of 16.6K and a magnetic moment of 
3.5 (Ib/EuS, has been successfully functioned as a spin filter.11081 GdN is more 
advantageous to EuS in terms of the curie temperature (~70K) and the magnetic 
moment (7 pe/GhN)187"911 and therefore, GdN may be exploitable in spintronics if it 
can be prepared with high purity.
2.2 Deposition techniques
The adoption of any material for applications in microelectronics is heavily dependent 
on a well controlled thin film deposition technique. The deposition method employed 
must produce high quality, uniform, pinhole free films with the desired stoichiometry 
and thickness. In many modern devices, the films must be conformal over high aspect 
ratio features, such as the trench structures in Dynamic Random Access Memory 
(DRAM) cells1-45-1 and in copper interconnects.[47] The thermal budget of the deposition 
process may also be an important consideration when temperature sensitive parts of 
the device have been formed prior to deposition.1109-1
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All deposition techniques rely on two steps, source transportation and deposition. The 
source may be a solid, liquid or vapour, however; vapour is generally preferred for 
transportation, because it is easy to transfer to the surface and easy to control. The 
vapour of a solid or liquid can be obtained by heat or other means of energy input 
such as electron beam, photon, or ion bombardment. Film deposition is then achieved 
by interacting this vapour with substrates, and depending on the type of interactions, 
they are categorized into physical based deposition and chemical based deposition. In 
physical based deposition techniques, films are deposited by absoiption of vapour 
phase sources, the substance that is to be deposited as a film is transported from the 
source. In chemical based deposition techniques, films are deposited by chemical 
reactions of vapour phase sources, the precursors of the reactions are transported. In 
reality however, it is difficult to distinguish one from the other. In nitride deposition 
using techniques such as molecular beam epitaxy (MBE),t99-t pulsed laser deposition 
(PLD),^ and evaporative deposition,1104J the metal source is transported and nitride 
films are formed by reacting the metal source in a nitrogen rich atmosphere. Although 
chemical reactions are involved in the deposition, these techniques are classified as 
physical based deposition.
2.2.1 Physical based deposition
Physical based deposition techniques are widely used to prepare thin films and to 
study intrinsic material properties. Techniques such as MBE, PLD, evaporative 
deposition, and sputtering often operate under high vacuum, with pressures ranging 
from lOe-3 mTorr to 10e-6 mTorrJ110^ This is to provide a long mean free path of 
molecules, so that they can travel in space without being scattered.1111-1 A high 
background pressure would also contribute to film impurities from ambient
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elements[112,I13] and from the working gas such as argon.[114] In addition, high vacuum 
allows the use of in-situ analytical tools such as electron diffraction^115* and Auger 
electron microscopy,[ 116] which provide vital information during deposition. While 
these techniques can deposit high quality films on planar substrates, they are not well 
suited for conformal coatings onto high aspect ratio trench structures.*117-* This is 
because when the mean free path is high, vapour tends to travel in a straight line and 
results in low deposition on trench walls.*117] Poor conformality is the major drawback 
of physical based deposition techniques and makes them unsuitable for deposition 
onto complex structures. These structures often occur in electronic device and are also 
being progressively scaled down,*45’47] raising even more challenges.
2.2.2 Chemical based deposition
Chemical based deposition techniques such as chemical vapour deposition (CVD) rely 
on chemical reactions and they can operates over a wide pressure range from high 
vacuum*118-* to atmosphere pressure.*119-* The high deposition pressure reduces the 
mean free path of precursor molecules so that they are scattered at all directions and 
can reach most surfaces. The deposition is then relying on chemical reactions between 
precursors. The reactions may occur at both gas phase and on substrate surface, 
contributing to a significant enhancement in conformality compared with physical 
based deposition.*1175120-* To allow an efficient deposition with minimum 
contamination, the chemical reactions need to be carefully designed. This is done by 
selecting appropriate chemical species that allow a reaction from gaseous precursors 
to the desired solid with gaseous by-products. In the deposition of GaN for example 
(Eq.2.1),*121] a reaction between trimethylgallium and ammonia is initiated, resulting
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in solid GaN and gaseous methane, which minimises carbon and hydrogen 
contaminations in the film.
Ga(CH3)3(g) + NH3(g) ^ GaN(s) + 3CH4(g) (Eq. 2.1)
Most CYD reactions are thermodynamically endothermic and therefore,^122-* activation 
energy is required and often supplied in the form of heat (thermal CVD),[122] light 
(photo-assisted CVD[123J) or plasma (plasma-enhanced CVD[124]). Heat is the most 
conventional energy, however, thermal CVD can be disadvantageous when 
temperature sensitive parts have already been formed in the substrates prior to the 
process. In such cases, low temperature deposition is required. To effectively reduce 
deposition temperatures, photo-assisted and plasma-enhanced CVD have been 
developed to supply the required energy, and proven to yield high quality films. ^ A 
wide range of materials such as metals, semiconductors, oxides, nitrides and carbides 
have been successfully deposited,[122] many CVD processes are employed in 
manufacture of modern electronic and optoelectronic devices J47-*
2.3. Atomic Layer Deposition
ALD, also known as atomic layer epitaxy (ALE), was originally developed by Suntola 
et al. 30 years ago to deposit highly uniform layers over large areas for thin film 
electroluminescent (TFEL) displays.1425-1 Since then, ALD has been increasingly 
exploited as a thin film deposition technique for microelectronics.1-471 Meanwhile, 
ALD is also used in optoelectronics,1426-1 micro-electromechanical systems,1127,1281 
catalysis11291 and protective coatings.11301 ALD is a deposition technique developed 
from CVD, but unlike CVD, ALD relies exclusively on surface driven reactions
between two or more gaseous precursors. This is achieved by alternating doses of
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precursors with inert gas purges in between to prevent gas phase reactions.1131,1321 
ALD is a self-limiting process and provides Angstrom scale thickness control, large 
area uniformity,11251 excellent conformality on high aspect ratio structures,11331 and 
virtually pin-hole free coatings^1341 ALD has been successfully used in the deposition 
of metals,t1351 oxides,1136"1391 nitrides,161,140"1421 and carbides.t1431
Substrate with structures Substrate with structures Substrate with structures
PVD CVD ALD
Figure 2.4 Schematic illustration of film (filled in blue) conformality on complex structures 
when using physical vapour deposition (PVD), CVD and ALD.1'441
Compared to physical based deposition techniques and CVD, the major advantage of 
ALD is conformality and this is schematically illustrated in Figure 2.4.11441 It can be 
seen that no film can be deposited under the complex structure when using physical 
based deposition due to the line of sight effect. Some improvements can be made by 
CVD, but a significant improvement is made by ALD for fully conformal coatings on 
complex structures. As a deposition process, ALD has been reviewed for many times, 
the purpose of this section is to provide an overview for nitride ALD processes and 
for other materials, readers are directed to references.1145'1491
2.3.1. Principle
ALD relies on cyclic surface reactions between absorbed chemical species, and these 
are schematically illustrated in Figure 2.5. A typical ALD cycle involves the 
following four steps, (a) precursor dose, (b) precursor purge, (c) co-reactant dose and
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(d) co-reactant purge, (a) During the precursor dose, a pulse of reactive metal 
precursor is introduced into the reactor, and is chemisorbed onto the surface via 
reactions with hydrogen containing surface species such as -OH or -NH groups. In 
most ALD processes the chemisorption is saturative, meaning that only a limited 
number of precursor molecules can absorb on the surface.1'481 (b) An inert gas purge is 
then introduced and carries away all excess precursor molecules and reaction 
by-products in the gas phase. This purge, sometimes replaced by pumping, should 
leave the chamber with no reactive species and the substrate with absorbed precursor, 
(c) Co-reactants are then introduced to form the targeting material by reacting with 
surface precursor molecules. This reaction can also provide surface groups that are 
also needed for the next pulse of precursor, (d) An inert gas purge is finally provided, 
removing all excess co-reactants and by-products in the gas phase. This completes an 
ALD cycle and prepares the reaction chamber ready for the next cycle.
d) Co-reactant purge c) Co-reactant dose
Figure 2.5 A schematic illustration of one ALD cycle for nitride deposition.
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Just like CVD, the reactions involved in ALD may be assisted by different types of 
energy. There have been thermal ALD^149^ photo-assisted^150-^ and plasma-enhanced 
ALD.[151] Thermal ALD is the most conventional process, while the other two 
processes provide extra energy, which can enhance the reactions and reduce the 
deposition temperature. Room temperature process has been demonstrated using UV 
enhanced ALD for the deposition of ZrCL,11501 where the thermal process using the 
same precursor requires deposition temperatures higher than 200°cJ15Z* Similar low 
temperature processes have also been demonstrated using plasma-enhanced ALD 
compared to thermal ALDJ153,154^
2.3.2 Features - self-limiting behaviour
In one ALD cycle, the resulting deposition remains constant regardless of the dose 
received, given the dose is high enough to achieve saturation. Unlike CVD, the 
growth rate in ALD is defined as the thickness gain per cycle (A/cycle) instead of per 
time, and the overall film thickness is determined by the number of cycles applied. 
This self limited growth using surface absoiption is a unique feature of ALD and is 
called self-limiting behaviour.
Self-limiting behaviour is verified by monitoring the growth rate as a function of 
precursor or co-reactant doses. However, before conducting this experiment, the 
purge length must be established to ensure that no gas phase reaction occurs and the 
deposition relies solely on surface reactions (Figure 2.6a). When the purge length is 
insufficient, precursor and co-reactant doses overlap and CVD-like deposition can 
occur. If the purge length is extended, precursor and co-reactant doses are separated 
and the deposition relies purely on surface reactions. The length of purge required is
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dependent on the chamber volume, chamber geometry, pump capacity, purge flow, 
the type of precursors/co-reactants, and the deposition temperature used.
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Figure 2.6 Growth rate in ALD as a function of (a) purge length, (b) precursor/co-reactant
doses and (c) growth temperature.
Once the purge time has been established, self-limiting behaviour can be verified by 
monitoring the growth rate as a function of increasing precursor doses (Figure 2.6b). 
The growth rate initially increases with the dose and self-limits when the dose is 
sufficient to saturate the deposition area. It is this feature that gives rise to high 
uniformity and excellent conformality in ALD. Ideally, ALD produces one monolayer 
per cycle, however, in practice, due to steric hindrance of precursor/co-reactant 
molecules and perhaps limited surface sites, the growth rate often falls below one
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monolayer per cycle.[148^ In practice, it is also possible to have either increasing or 
decreasing growth rate in the saturation region (Figure 2.6b). The increase is due to 
decomposition of the precursor molecule. The decomposition may be driven by 
thermal energy that the deposition temperature is too high.[155] It may also be driven 
by chain reactions when using particular precursors such as alkoxide, where the 
ligands may undergo p-hydride elimination.[156] This reaction releases additional sites 
that can react with incoming precursors, resulting in an increase in growth rate and 
inhibiting self-limiting behaviour.1-156-1 The decrease of growth rate in the saturation 
region is due to etching.[157] Both precursor decomposition and etching should be 
minimised if possible to achieve self-limiting deposition.
In ALD, a constant growth rate is often observed within a temperature range, which is 
known as the ALD temperature window (Figure 2.6c).[141,158,159] This is attributed to 
surface limited reactions when sufficient energy is supplied to activate reactions but 
not high enough for thermal decomposition. There have also been cases when the 
growth rate is dependent on temperature,[ 1601 and this is due to the unfavoured reaction 
thermodynamics at low temperatures. However, self-limiting behaviour has been 
reported in both cases and therefore,1-141,158'160] a temperature window is not essential 
for ALD. Nevertheless, an ALD window is advantageous as high film uniformity can 
be achieved even if there are small temperature differences across the substrate. An 
ALD window is also advantageous when depositing doped or nanolaminate materials 
to facilitate a match in the deposition temperature between two or more processes.
In practice, the growth rate is often affected by temperature when operating within the 
zones of precursor condensation,1-146-1 decomposition,tl61] desorption*162* and 
insufficient reactivity (Figure 2.6c).[160] Precursor condensation may lead to
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absorption of multiple layers of precursor molecules.[I45] The molecules buried 
underneath are less likely to have a reaction with the co-reactant and therefore, the 
film can be contaminated by elements from the precursor ligands.[145] Thermal 
decomposition at higher temperatures destroys self-limiting behaviour and leads to 
CVD-like processes, the as deposited films can also be contaminated by elements 
from the precursor ligands.E161-1 The desorption and insufficient reactivity would 
inhibit the growth rate and largely reduce the throughput, in the worst case, no film 
could be deposited.'163^ As a result, the effects mentioned above should be minimised 
if possible for the deposition of high quality films in a self-limiting manner.
The self-limiting behaviour raises fascinating features for ALD. Firstly, film thickness 
is precisely controlled by the number of ALD cycles. The surface limited deposition 
also results in large area uniformity^1251 and batch process capability.14641 In addition, 
conformal coatings have been achieved on high aspect ratio (>700:1 trench diameter 
65mn)11331 and powder11651 structures when sufficient precursor molecules and time are 
given to allow them reaching the coating surfaces. Pin-hole free films with high 
density have been deposited,11341 and finally ALD processes are easy to scale-up 
because the surface chemistry involved in small area deposition and large area 
deposition is identical. All these features can be achieved by optimising growth 
conditions within the self-limiting region, and no complex control of gas flux 
homogeneity is required.
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Figure 2.7 SEM micrograph of a 40:1 aspect ratio trench coated with 28nm Y2O3, thickness 
variation is less than 5% between top and bottom of the trench.1'661
As emphasised before, the major advantage of ALD is conformal coating and this has 
been illustrated in previous ALD studies.11661 Figure 2.7 shows Y2O3 Films (28nm) 
deposited by ALD on trench structures with an aspect ratio of 40:1 (trench diameter 
~100nm). The SEM micrograph confirms that the thickness variation of the film at the 
top and bottom of the trench is less than 5%, showing a good conformality.
The major limitation of ALD is the relative low throughput compared with CVD and 
physical based deposition techniques. A deposition rate of lOOnm/hour is quite 
common for ALD, which is one or two magnitudes slower than CVD and other 
physical based deposition techniques.11451 However, this low growth rate is not 
necessarily a limiting factor for industry as multiple samples (150 wafers) can be 
simultaneously coated hence allowing a high throughput batch process.11671
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2.3.3 Nitride ALD
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Figure 2.8 Citation numbers per year for ALD, oxide ALD and nitride ALD papers, data
retrievedfrom LSI web of knowledge.
The number of published papers on ALD has increased significantly since 2000 
(Figure 2.8), this has largely been driven by its potential applications for producing 
high-A: dielectrics in MOS devices. While considerable work has been carried out on 
thin film oxides such as Hf,1137,1381 Ta,tl68] Gd,[1551 and Pr[156] oxides, which have 
potential applications as high-k dielectrics, little has been reported about their nitride 
counterparts (Figure 2.8). For example, in 2010, only 23 papers report on ALD of 
nitride compared with 212 papers for oxides.
This apparent lack of work on ALD of nitrides is perhaps largely due to the 
significant challenges associated with nitride ALD. The main obstacle to the 
formation of nitrides is their significantly lower thermodynamic stability compared 
with the corresponding oxides. Table 2.1 summarizes the bond dissociation energy,
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D°298? for selected metal-to-nitrogen and metal-to-oxygen bonds in diatomic 
molecules. It can be seen the metal-to-nitrogen bond is always weaker than the metal- 
to-oxygen bond, indicating that these nitrides are less stable than the corresponding 
oxides. This is probably due to a higher electronegativity of oxygen than nitrogen, 
with a value of 3.44 and 3.04 respectively on the Pauling scale.1'691 In any nitride 
deposition process, trace levels of oxygen species in the reaction chamber, precursors, 
co-reactants or carrier gases can lead to preferential oxide reactions and hence oxygen 
contamination in films.*1701 Therefore, it is critical to ensure a leakage free chamber 
and high purity sources of precursors, co-reactants and carrier gases prior to any 
nitride ALD.
Bond dissociation 
M-N
energy, D0298 (kJ/mol) 
M-O
Ta 476 839
Hf 535 801
Ti 476 666
Zr 565 766
V 523 637
La 519 798
Ce 519 790
Y 477 714
Table 2.1 Bond dissociation energy of metal to nitrogen and metal to oxygen bonds in 
diatomic molecules. Data are obtained from CRC handbook of chemistry and physics.116)1
2.3.3.1 Metal precursors
The success of ALD relies heavily on appropriate chemical reactions. Precursor 
chemistry is one of the most active research fields in ALD and has been extensively 
reviewed in papers*147,1481 and text books.*13214'^1 The requirements for precursors in 
nitride ALD are summarized in Table 2.2. They are divided into essential properties 
and desirable properties because in practice, not all requirements can be fulfilled 
simultaneously and properties listed in the latter group may be sacrificed.
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Essential properties Desirable properties
• High volatility • Unreactive volatile by-products
• Thermal stability • Inexpensive
• High reactivity • Easy to synthesize and handle
• No dissolution into substrates • Non toxic
•
•
Oxygen free ligands
High purity
• No etching
Table 2.2 Summary of precursor requirements for nitride ALD.
High volatility is essential for ALD precursors as it gives high flux of precursor 
molecules and provides an efficient dosing. Precursors such as Trimethylaluminum 
(TMA) has a vapour pressure of ~10 Torr at 20°C and is considered as a highly 
volatile precursorJ171^ In some cases, the precursor volatility is insufficient at room 
temperature and heating is required to achieve adequate vapour pressure. For 
example, in the industrial ALD process of Hf02 using HfCl4,[172] the precursor needs 
to be heated at ~200°C to achieve good vapour pressure that is suitable for 
deposition.^731 However, to choose the optimum temperature for precursor 
transportation is not straight forward and requires some optimisations. Vapour 
pressure measurements investigate the pressure of heated substances, and high 
temperatures lead to volatility (Figure 2.9a).*-174] Although increased temperature 
enhances the vapour pressure, it can cause problems if the precursor starts to 
decompose or change phase. These effects result in poor stability and short life-time 
for precursors, in addition, thermal decomposition also affects self-limiting behaviour 
and leads to CVD-like reactions and contaminated films. Thermogravimetric 
analysis^175-' (TGA) measures the weight loss of precursors as a function of increasing 
temperature and is indicative of a decomposition regime (Figure 2.9b).[176] In this 
experiment, the precursor with a given weight is placed onto a microscale in an inert 
atmosphere, the temperature of the microscale is ramped up at a given rate (typically 
5-10°C/min) and the weight of the precursor is recorded at each temperature. The
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decrease in the weight is indicative of thermal decomposition or a phase changing 
process. The general rule for selecting a transpiration temperature is to aim for high 
vapour pressure but with low weight loss as measured by TGA.
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Figure 2.9 (a) vapour pressure measurements for Ta(NMe2)51741; (b) a typical 
thermogravimetric analysis data for ALD precursors.
Surface reactions in ALD are very similar to reactions involved in CVD and many 
CVD precursors have been proven to work in the ALD mode.[147] Aggressive 
reactions are required in ALD to ensure a fast formation of desired material and 
therefore, ALD reactions should have a Gibbs free energy change as negative as 
possible.*lzb| By-products released from deposition should be unreactive and volatile 
so they can be efficiently removed during the purge step.
For nitride ALD, precursors must be oxygen free, both in terms of ligand structure 
and purity to avoid preferential oxide formation. Previous theoretical work has 
demonstrated that the reaction between Hf(NMe2)4 and water is spontaneous, however 
the reaction between Hf(NMe2)4 and ammonia is endothermic.1170,1771 This means that 
if there are oxygen species in the reactor, they can be easily incorporated in the film. 
Once an oxide is formed, any nitride formation would be extremely difficult. The
nitridation from Hf02 to HfOxNy using ammonia requires temperatures higher than
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700°C,[178,179] the required temperature would be higher if the targeting materials are 
stoichiometric nitrides. Thus, the precursors used for nitride reaction must be oxygen 
free.
ALD deposition of transition metal nitrides has previously been reported using 
various metal precursors. The halide precursors including metal fluorides,11803 
chlorides,E18’157,181], and bromides[17] have been most widely studied, however, these 
tend to form corrosive hydrogen halide by-products, which can damage deposition 
equipment. Halide precursors also require relatively high deposition temperatures 
(>400°C) to prevent halide incorporation.3-181-1 This is because metal-halogen bonds are 
stronger than metal-nitrogen bonds and consequently,31823 substantial energy is 
required to convert halides into nitrides. To overcome these challenges, alkylamide 
based precursors such as dimethylamides,31833 ethylmethylamides,31843 
diethylamides,3583 and tertbutylamides31603 have been developed and used in nitride 
ALD. Alkylamides allow lower deposition temperature because they undergo a 
transamination-like reaction with co-reactants such as ammonia.31853 Transamination 
reactions, as suggested by the name, refer to exchange reactions that transfer the 
amine group from one molecule to another, which facilitates nitride formation when 
alkylamide precursors are used with nitrogen hydrides such as ammonia.31863 Gas 
phase transamination has been well understood for nitride CVD31853 and similar 
surface reactions are evident in ALD.31873 Carbon and hydrogen are potential 
impurities with alkylamide precursors; however, efficient transamination-like 
reactions exchange the alkylamide group with ammonia and therefore, these 
contaminants can be inhibited. Carbon content as low as 2% have has reported in 
TaNx films deposited with pentakis(dimethylamino)tantalum and ammonia at 
77s°r.31833
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2.3.3.2 Co-reactants
Co-reactants, sometimes referred as non-metal precursors, are as important as metal 
precursors to ensure aggressive and efficient reactions in nitride ALD. Ammonia is 
the most widely used nitrogen containing co-reactant and has been proven successful 
in the ALD of TiN,[75)188] HfNx,[1891 TaNx,[16U8U83] NbN,[18] ZrN,[1401 WN,[190] and 
MoN.1-188-1 Hydrazines are another class of nitrogen co-reactants and offer superior 
reactivity to ammonia.[191] The high reactivity originates from the weak N-N bond 
(AH°=287 kJ/mol) compared to the N-H bond in ammonia (AH°=461 kJ/mol)J191] 
The reactivity has been demonstrated in the ALD of TaNx, where a lower process 
temperature was achieved using hydrazines compared with ammonia^109,160-' 
Molecular N2 and H2 have been used in CVD as nitrogen co-reactants at high 
temperatures (~1000oC),[192] unfortunately, this approach is not well suited to ALD 
because such high temperatures would lead to thermal decomposition of precursors. 
Plasma-enhanced (PE) ALD uses the extra energy supplied by a plasma and can 
effectively reduce deposition temperature. PEALD has been used for the deposition of 
TaNx,[151’157’193] TiN,[194] and HfN[28,159’195] from a mixed plasma of N2 and H2 gases. 
This approach gives added control over nitride stoichiometry; the reduction power of 
hydrogen radicals allows the deposition of elemental metal,[135] the addition of 
nitrogen radicals results in a wide range of stoichiometric nitrides subject to the H2/N2 
partial pressure.1-157-1 Pure hydrogen plasma has also been used for the deposition of 
mono-nitrides of HfN^28-1 TaN,i56,196J and TiN|1971 when alkylamide precursors were 
used. Pure N2 plasma has also been used for the deposition of I-IfBN^1591 TiN1-1981, and 
ZrN[58] with alkylamide precursors. And ammonia plasma has been used for the 
deposition of WN,[199] A1N[20()] and TiN.[198l201]
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2.3.4 ALD reactors
ALD was developed from CVD and they share many common features including 
reactor hardware. This section discusses the main components that are involved in 
ALD reactors, and for a detailed description of CVD reactors, readers are directed to 
reference^2021. Typical ALD reactors have the following basic components, a vacuum 
pump, a reaction chamber, a substrate holder, and, precursor/gas delivery systems.
2.3.4.1 Pumps
ALD operates over a wide pressure range from high vacuum[203] to atmosphere 
pressure^204-' and mechanical pumps are most widely used for ALD reactors. 
Mechanical pumps form a vacuum by trapping gas molecules from the chamber and 
subsequently moving them to exhaust, repeated cycling of this process can achieve 
pressures in the range of 10e-3 Torr. There have been two general categories for 
mechanical pumps, according to whether they require lubricants during operation. 
‘Wet’ pumps such as rotary vane pump (Figure 2.10a) involve friction and require oil 
lubricants. Oils are volatile species and oil back-streaming can be an issue for ‘wet’ 
pumps because it leads to contamination of the reaction chamber and films. A liquid 
nitrogen trap (Figure 2.10b) can be used between pump and reactor to condense 
back-streamed oil vapour. Alternatively, mechanical frictions can be minimised or 
even eliminated by proper designing of pumping mechanisms so that no oil lubricant 
is needed. These pumps are classified as ‘dry’ pumps and some typical designs such 
as diaphragm pumps and screw pumps are shown in Figure 2.10. ‘Dry’ pumps are 
generally preferred to the ‘wet’ variants for ALD because they do not have oil back 
streaming problems; turbo pumps are also used where high vacuum is requiredJ1173
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Chamber
(c) Diaphragm pump (d) Screw pump
Figure 2.10 Schematic illustrations of (a) rotary vane pump, (b) liquid nitrogen trap, (c) 
diaphragm pump and (d) screw pump.
2.3.4.2 Chamber and substrate holder
The reaction chamber is another component to ensure a clean deposition environment. 
Leaks must be minimised because most ALD precursors are air sensitive, for nitride 
deposition, this is more critical since a trace level of oxygen containing species in the 
chamber will be incorporated in the films. A leak-up rate test is a quick and cost- 
effective way to examine chamber leakage. The leak of a chamber can be quantified 
by monitoring the pressure rise when the chamber is isolated from the pump using a 
valve. A pressure rise of 1 mTorr/min is considered good sealing by Becky et al.11401 
in the deposition of HfNx and should be ensured prior to deposition. Other tools such 
as a helium based leak detector may be used to identify the source of leakage.
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ALD relies on surface reactions and therefore, a highly uniform temperature profile is 
required for substrate surfaces. In ALD reactors, resistance based heating coils are 
often used embedded in a substrate holder to achieve uniform heating. Thermo 
couples are generally used to measure temperatures; by employing a thermal couple 
heating coils at multiple locations, a temperature profile can be monitored and 
optimised. In batch process reactors, the heating are usually provided in the form of 
tube furnace with resistance coils embedded in furnace walls, which can provide 
uniform heating.1-1671
2.3.4.3 Precursor delivery methods
Precursor doses should be controlled with high accuracy and repeatability. This is 
because hundreds or even thousands of ALD cycles may be used to deposit a film. 
Although ALD is self-limiting, it is desirable to minimise precursor usage and to 
avoid waste - this is important on the basis of cost and environmental grounds. It is 
therefore important to accurately control precursor dose. Precursor delivery manifold 
should be designed with care. Cold and hot spots should be avoided because they lead 
to precursor condensation and decomposition respectively. In addition, laminar flow 
is desired for precursor transportation because it is easy to control. Dead space 
introduces turbulent flows and should be avoided during the design of the manifold.
The dosing method employed is very much dependent on precursor volatility. The 
dose of gaseous precursors is controlled by mass flow controllers (MFCs). Precursors 
with high volatility may be dosed via vapour draw, whereas precursors with relatively 
lower vapour pressure may be dosed via a bubbling process with the help of 
additional inert gas flow.
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Gaseous precursors - The dose of gaseous precursors is often controlled by MFCs 
(Figure 2.11). Standard MFCs use feedback control of a leak valve to achieve the 
desired flow rate. The flow rate is measured by the temperature difference along a 
heated sample tube where laminar flow is established for a known gas, and the 
relation is written in Eq. 2.2. Leak valves in MFCs are not designed to close fully and 
a downstream valve is required to either turn ‘on’ or ‘off the flow. In practice, the 
dose is often controlled by a fixed flow rate with a variable flow time, or vice versa.
T1 T2Heating
leak
valve on/off valve
R1 P2
throttle
/
MFC
Figure 2.11 Working principle of a MFC (Pi must be greater than P2 to establish the flow). 
T9-T1Q = 1^7 (Eq. 2.2)
Where Q is the flow rate (standard cubic centimetre per minute); B is the calibration 
constant; Cp is the heat capacity of a known gas.
Vapour draw - In vapour draw (Figure 2.12a), the precursor vapour pressure is a lot 
higher than the chamber pressure and consequently, the vapour is drawn from the 
bubbler to the chamber when the valve opens. TMA is a good example for vapour 
draw, it has a vapour pressure of ~10 Torr at ambient temperature and the working 
pressures of ALD reactors are typically below ~0.5 Torr. The dose is controlled by the 
valve opening time and the required dose can be established using the saturation-plot
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mentioned in Figure 2.6b. The valve should have a response time below 20ms and a 
life over millions of cycles to ensure accurate control with high repeatability.12051 Such 
low response time is required to accommodate highly volatile precursors such as 
TMA to minimise the waste of precursor. Pneumatically driven diaphragm valves 
(Figure 2.13) can fulfil this requirement and are widely employed for ALD reactors. 
The major limitation for these valves is the operation temperature, which is limited to 
200°C due to the plastic valve seat used.
Chamber
vacuum
Precursor
(a) Vapour draw
Chamber
vacuumCarrier -----gas —
Pump
Precursor
(b) Bubbling
Figure 2.12 Schematic illustrations for precursor transportation using (a) vapour draw and
(b) bubbling.
Pneumatic
Actuator
Plastic 
valve seatDiaphragm
Figure 2. 13 A schematic illustration of a diaphragm valve.
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Bubbling - Bubbling is often used when the vapour pressure is not sufficient to 
compete with chamber pressure, but still high enough to have surface reactions. It is 
also used even when the vapour pressure is high to enhance transportation. An inert 
gas flow, usually nitrogen or argon, is used as a carrier gas to transport the precursor 
vapour (Figure 2.12b). The dose is determined by both bubbling time and flow rate of 
the inert gas. A fast response is also required in this method and diaphragm valves are 
generally used. However, the operation of a leak valve in MFCs is slow and can take 
1 -2s to activate, which dramatically reduces the response. This has been solved by an 
additional by-pass line to a pump, where the flow is established prior to dosing.
The methods described above are limited to the tolerance of diaphragm valve seat 
(200°C) and are not suitable for high temperature transportations. Low volatility 
precursors must transport at higher temperatures, and precursor delivery systems such 
as ‘inert gas valving system,[145] and ‘liquid injection system,[156] have been 
developed for this purpose. These methods are not employed in the current study and 
readers are directed to references1445,15^ for the full descriptions.
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Chapter 3. Experimental methods
3.1 Introduction
This chapter describes experimental methods used in this project. The ALD 
deposition was carried out using Oxford Instruments reactors. Film thickness was 
routinely measured by ellipsometry, the results were validated by weight gain 
measurements. A Quartz Crystal Microbalance (QCM) has been used to in-situ 
monitor the mass gain on the crystal surface during ALD deposition. Mass 
spectrometry has been used to monitor the gas phase composition for molecular and 
plasma ammonia. Various microscopes including Scanning Electron Microscope 
(SEM), Transmission Electron Microscope (TEM), Auger Electron Microscope 
(AES) and Atomic Force Microscope (AFM) have been employed to ascertain film 
thickness, microstructure, chemical composition and morphology. Medium Energy 
Ion scattering (MEIS) has been used to quantitatively depth profile chemical 
composition of the films. MEIS measures the number of atoms per unit area and by 
combining this information with thickness measurements, film densities were 
estimated. Film microstructure was investigated using X-Ray Diffraction (XRD), and 
electrical resistivity was measured by a four point probe.
3.2 Atomic Layer Deposition
Three Oxford Instruments reactors were used for ALD processes, they are OpAL(R 
thermal, OpALK plasma, and FlexAL® plasma reactors. They are state-of-the-art 
instruments combining new and established technology intended for research 
applications. Since these reactors share identical features including the chamber, the
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precursor delivery manifold, and the substrate holder, this section mainly describes 
the experimental setup of the OpAL thermal reactor. Subsequently, the differences in 
the plasma reactors are introduced. Two OpAL reactors are based at the University of 
Liverpool, while the FlexAL reactor is based at Oxford Instruments Bristol factory.
Oil back-streaming problem - The OpAL thermal reactor was used as the core 
instrument to implement nitride thin film processes using thermal ALD. During the 
first year of this project in 2007, the reactor was supplied by Oxford Instruments with 
an Alcatel 2063 S/E rotary vane pump using Anderol 555 oil (ISO YG 100) as the 
lubricant. This is diester based oil and contains oxygen species. The pump was found 
to have a faulty non-return valve, which means that the pump gives a great degree of 
oil back-streaming. Although some protection methods were employed such as zeolite 
and liquid nitrogen traps, oil residuals were inevitably found inside the chamber. 
Films deposited using this setup with tetrakis(diemethylamino)hafnium and ammonia 
were found be composed of hafnium and oxygen with non-detectable nitrogen. The 
oxygen contamination was largely attributed to the oil back-streaming problem. 
Oxygen rich species in the oil can thermally breakdown and contaminate the films. In 
the light of this problem, the rotary pump was replaced by Oxford Instruments in 
early 2009 with an Adixen A103P dry pump. All gas pipes, MFCs, valves, and 
chamber components have been either replaced or decontaminated.
3.2.1 OpAL thermal reactor
OpAL is an open-load reactor designed for research scale ALD deposition. In outline, 
it is composed of two bubbling precursor lines, two vapour draw precursor lines, an 
eight inch substrate holder, and a perpendicular flow chamber equipped with a
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showerhead plate. This is schematically illustrated in Figure 3.1 and a picture of the 
OpAL reactor based at the University of Liverpool is shown in Figure 3.2.
Figure 3.1 A schematic illustration of OpAL thermal reactor, pot 3 is a vapour draw pot that
can be considered as the same as pot 1.
Figure 3.2 A picture of the OpAL thermal reactor based at the University of Liverpool.
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The reactor was evacuated using an Adixen A103P dry pump, which achieves a base 
pressure of 4 mTorr. As mentioned in Chapter 2, it is essential to minimise oxygen 
containing species for nitride deposition. Since the reactor is an open-load system that 
vents to atmosphere for sample loading, a nitrogen glove box was employed to protect 
the chamber (Figure 3.2). Dry nitrogen was supplied to the glove box with a flow rate 
of 6 cm3/min during the sample loading and un-loading. Silica gel (Fisher scientific) 
was used as a desiccant inside the glove box and the moisture level was monitored by 
a relative humidity sensor (Testo 608-H1), a reading as low as 3% was not exceeded.
Although a nitrogen glove box was used, there is still a level of oxygen, water and 
carbon dioxide in presence. Once the chamber is vented, these species absorb on the 
chamber walls and they should be removed prior to deposition. This can be done by 
pumping, or more effectively pumping and purging. A purge refers to an inert gas 
flow, which helps remove residual molecules in the gas phase and on surfaces. In the 
current study, the chamber was cycled through an hour long pump-purge sequence 
(Imin pump/1 min purge with 250sccm Ar) prior to each deposition to de-gas the 
chamber. The chamber walls were heated above 100°C to accelerate the desorption 
process. The chamber leak-up rate, as described in section 2.3.4.2, was regularly 
checked and a reading of 1 mTorr/min was not exceeded.
The OpAL reactor has three gas lines (Figure 3.1). They were used for precursor 
dosing (blue), precursor purging (red) and ammonia (green) respectively. Argon 
(BOC 99.998%) was used for both dosing and purging. Ammonia (Air products, 
electronic grade) was used as a nitrogen containing co-reactant. Each line has a 
dedicated MFC (Mass Flow Controller) with the maximum flow rate of SOOsccm for 
the argon lines, and 20sccm for the ammonia line. To minimise oxygen containing
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species in these gases, gas purifiers were used on the ammonia (Entegris Gatekeeper 
CE35KFSK4R) and argon (Entegris Gatekeeper CE35KFI4R) lines. These purifiers 
are specified to achieve an outflow with H2O and O2 levels below 1 ppb.
Precursor and co-reactant doses were controlled using the methods described in 
Chapter 2. As a gas co-reactant, ammonia was dosed by varying the pulse length with 
a fixed flow rate (lOsccm) as maintained by the MFC. Highly volatile co-reactants 
such as water and hydrazine were held in a bubbler at room temperature and delivered 
using vapour draw (pot 1, 3 in Figure 3.1). A high speed ALD valve (Swagelok) was 
used to achieve accurate dosing, the valve operation time (opening and closing) is 
5ms as specified by Swagelok.
Metal precursors were delivered using bubbling due to their relatively low volatility 
(pot 2, 4 in Figure 3.1). All metal precursors used in this project require heating and 
this was applied by a heat jacket that wraps the precursor bubbler. Each heat jacket 
was embedded with resistance coils and a thermo couple. To avoid condensation of 
the precursor vapour during transport, the delivery manifold between the precursor 
bubbler and the chamber was also heated with heat jackets. The temperature profile 
along the heated manifold (100°C) was checked by a handheld thermocouple (RS 
1319A), which confirms that there are no cold and hot spots along the delivery line. 
The reactor chamber is also a part of the delivery pathway (Figure 3.1) and the 
chamber walls were heated to between 100 and 150°C according to the type of 
precursor used. The transport temperature for each precursor is specified by the 
precursor supplier (SAFC-Hitech) and the details are summarised in the each results 
chapter. The precursor dose was controlled by the bubbling time with a fixed flow 
rate of ISOsccm Ar as advised by Oxford Instruments. It should be noted that in ALD,
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the control of flow homogeneity is not required when the deposition is within the 
self-limiting region as emphasized in Chapter 2.
Step Control method Time
Dose Precursor ISOsccm Ar -> S2 & D250sccm Ar -> Fill 3s
Purge 200secm Ar P2 & Fill 5s
Dose ammonia lOsccm ammonia *> NIL valve 190sccm Ar -> Fill 3s
Purge ammonia 200sccm Ar Fill 5s
Stabilise flow ISOsccm Ar El50sccm Ar -> Fill 3s
Table 3.1 A typical ALD cycle when using OpAL thermal reactor.
A typical ALD recipe for nitride deposition is presented in table 3.1, the deposition 
recipe for each material will be summarized in the result chapters. Firstly, the 
precursor was dosed using an Ar flow (150 seem) through S2 and D2 vavles (Figure 
3.1). A simultaneous purge (50 seem) via the Fill valve was used to ensure that the 
injected precursor is not trapped within the top part of the chamber. The precursor 
purge was carried out using an argon flow (200sccm) through P2 and Fill valves. The 
ammonia was then dosed (10 seem) as a nitrogen containing co-reactant. The 
ammonia purge (200sccm) was delivered via the Fill valve. Finally, the dosing argon 
(150sccm) was diverted to the pump via El to prepare the MFC for the precursor 
dosing in the next cycle.
The OpAL reactor is equipped with an 8 inch substrate holder, which can be heated 
up to 400°C. In order to confirm the heating uniformity, a handheld thermo couple 
(RS 1319A) was used to measure temperatures across the substrate holder and nearly 
identical readings have been obtained (Figure 3.3).
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Figure 3.3 Temperature readings across the substrate holder when heated at 25(TC.
3.2.2 Plasma reactors
Plasma enhanced (PE) ALD was carried out using either OpAL plasma or FlexAL 
plasma reactors. They share an identical chamber and manifold design to the OpAL 
thermal reactor; however, there are differences and the details are summarised in table 
3.2. The major difference of the plasma tools is an inductively coupled plasma unit, 
which is fitted upstream of the substrate holder to allow remote PE ALD (Figure 3.4).
OpAL thermal OpAL plasma FlexAL plasma
Loading method Open load Open load Separated load chamber
Pump Dry pump Dry pump Turbo pump
Ultimate pressure 4 mTorr 6.7 mTorr 1.35e-3 mTorr
Plasma power N.A. Up to 300W Up to 400W
Table 3.2 Loading method, ultimate pressure and plasma power for the OpAL thermal, OpAL
plasma and FlexAL plasma reactors.
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Plasma Gas Inlet
Ar Dose =
Figure 3.4 A schematic of remote inductively coupled plasma for the OpAL plasma and
FlexAL plasma reactors.
The working principle of an inductively coupled plasma (ICP) is very similar to 
induction heating. In this process, a conductive medium is wrapped by a coil. Radio 
frequency (RF) power is applied through the coil and generates an oscillating 
magnetic field. Due to electromagnetic induction, eddy currents are generated within 
the conductive medium and give rise to high temperatures. In an ICP, the process is 
similar except that the medium is a gas, the ICP can generate temperatures as high as 
several thousand degree Kelvin, resulting in the fourth state of matter, plasma.111 Since 
gases are not conductive in their natural states, some means of plasma ignition are 
necessary to provide initial electrons and ions that couple with the magnetic field. 
Once ignited, the RF power maintains plasma discharge and provides reactive species 
including both ions and radicals.
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During deposition, however, radicals are preferred to ions because ion bombardments 
etch the sample surface and result in poor roughness of the films.[2] Remote plasma 
enhanced ALD was developed to solve this problem, in Oxford Instruments plasma 
reactors, the plasma unit is fitted ~40cm above of the substrate holder. This can 
minimise the ion density but still maintain a good radical density that is needed for 
deposition.[3] According to Oxford Instruments, sub-nanometre surface roughness can 
be achieved when using remote PE ALD. During deposition processes, the metal 
precursor should not enter the plasma chamber because the high energy plasma power 
decomposes the precursor and ruins the self-limiting behaviour. To avoid this, a gate 
valve was used between the plasma and reaction chambers, this can be closed prior to 
the precursor dosing. Alternatively, a continuous Ar purge can be used from the 
plasma unit to force a down stream flow so that no metal precursor enters the plasma 
chamber.
3.2.3 Substrates
The substrate for each deposition was consistently placed at the middle of the 
substrate holder held in position by glass slides. Three types of substrates including 
doped silicon, soda lime glass and glassy carbon were used to accommodate different 
characterisation techniques. 100mm diameter silicon(lOO) substrates (Compart 
Technology Ltd. Virgin test grade) were routinely used because silicon has a well 
defined crystal structure, optical property and surface smoothness. These properties 
facilitate the chemical composition analysis using MEIS and thickness measurements 
using ellipsometry, both of which will be discussed below. Silicon is prone to surface 
oxidation when exposed to air and the wafers were used as-supplied hence with -20A 
of native SiOi on the surface. The silicon substrates were heavily doped (either p or n
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type) and therefore, they are not suitable for electrical resistivity measurements when 
depositing conductive films. To accommodate this, Soda lime glass microscope slides 
measuring 75 x 25 mm were used as the substrates. These were cleaned in an 
ultrasonic bath using de-ionised water, rinsed with isopropyl alcohol and then dried. 
Glassy carbon substrates were used to accommodate the Energy Dispersive X-ray 
(EDX) analysis. EDX was used to qualitatively estimate film composition in this 
study. Unfortunately, depth profiling is difficult in EDX analysis, meaning that the 
same element within the film and the substrate is difficult to differentiate. This raises 
a problem for silicon substrates when investigating silicon incorporation in the film 
and to solve the problem, glassy carbon substrates (HTW SIGRADUR G) were used 
when necessary.
3.3. Film characterisation techniques
3.3.1 Ellipsometry
3.3.1.1 Background
Ellipsometry was routinely used in this work as a thickness measurement tool. An 
ellipsometer detects the change in polarization of incident light after reflection from a 
surface, and subsequently calculates the film properties including thickness and 
refractive index. Ellipsometry is an optical technique, offering non-contact, 
non-destructive measurements and has been widely used in both research and industry.
Light can be described as an electromagnetic wave, and polarization describes the 
waves’ electric field behaviour in space and time. The electric field of a wave is 
always perpendicular to the direction of propagation. If the field orientation changes
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randomly during propagation, the light is unpolarized; if the field orientation is 
predictable during the course of travel, the light is said to be polarized. Polarized light 
can be described using x and y components along its propagation direction z (Figure 
3.5). There are three types of polarizations including linear, circular and elliptical 
polarizations. When the two waves on x and y planes have the same amplitude and are 
in-phase, the light is linearly polarized (Figure 3.5a). When the waves have the same 
amplitude but are 90° out-of-phase, the light is circularly polarized (Figure 3.5b). 
When the waves have arbitrary amplitude and phase, the light is elliptically polarized 
(Figure 3.5c).
Figure 3.5 Orthogonal waves demonstrating (a) linear polarisation, (h) circular polarisation,
and (c) elliptical polarisation
Light will both reflect and transmit when striking a substrate surface (Figure 3.6). The 
plane that consists of the incident and reflected beam is defined as the plane of 
incidence (POI). In a typical ellipsometry measurement, the light source is linearly 
polarized and is described by its p- component (parallel to POI) and s- component 
(perpendicular to POI). Each component changes its polarization individually upon 
reflection, the amount of reflected light, Rp and Rs, can be predicted using Fresnel
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equations.141 The ellipsometer measures the amplitude change (¥) and the phase shift 
(A) to determine the ratio of Rp to Rs, this ratio is defined as the complex reflectance 
ratio and the relation is written as,
p = tan('T') eiA= Rp/Rs =/(©,, N0, Ns) (Eq. 3.1)
Where ©i is the incident angle, No is the ambient refractive index, Ns is the substrate 
refractive index. In most cases the incidence angle would have been determined prior 
to the measurement and therefore, Ns can be analytically calculated when T' and A are 
measured.
Jj] p-plane
plane of Incidence
Ambient
Substrate
Figure 3.6 The reflection of a linear polarized light on a substrate.
However, in the case of a transparent film on a substrate (Figure 3.7) reflections occur 
at both top and bottom interfaces of the film, the polarization of reflected light is then 
determined by the superposition of multiple waves. The Rp to Rs ratio is consequently 
dependent on properties of the additional layer. The relation is complicated and 
further explanation is beyond the scope of this study, however, the function can be 
written as,f5J
p = tan(vF) eiA = Rp/Rs =/(©,, N„, Ns> X, NF) LF) (Eq. 3.2)
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Where ©i is the incident angle, No is the ambient refractive index, Ns is the substrate 
refractive index, A, is the light wavelength, Np is the film refractive index, and Lp is 
the film thickness.
Figure 3.7 The reflection of a linear polarized light on a transparent film on a substrate.
A well designed experiment should allow accurate inputs of ©i. No, Ns and A, 
however, there are two variables (Lp, Np) and therefore, the equation cannot be solved 
analytically. Most commercial ellipsometers use a numerical approach and requires an 
estimation of either Lp or Np prior to the solution. With some understanding of the 
film, ellipsometry can accurately determine the thickness and refractive index by 
measuring T and A.
3.3.1.2 Rudolph research Auto EL IV
A Rudolph research Auto EL IV Ellipsometer was used throughout this project to 
measure film thickness and refractive index. The ellipsometer was operated at a 
wavelength of 632.8nm generated by a wavelength filter with a white light bulb. The 
incident angle was fixed at 70° and a schematic of the ellipsometer is shown in Figure 
3.8.
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Figure 3.8 A schematic of Rudolph research Auto EL IV Ellipsometer.
The ellipsometer includes a light source, a rotatable polarizer, a compensator, a 
rotatable analyzer and a photo detector. The light travels along the route of Polarizer 
(P), Compensator (C), Sample (S) and Analyzer (A) and hence, the configuration is 
given the name of PCSA. Both the polarizer and analyzer are linear polarizers, which 
are used to either create or extinguish a linearly polarized beam. T' and A are 
correlated to the azimuth of polarizer and analyzer to the incidence plane. The 
working principle can be summarized as a ‘nulling’ process as is described below.
The unpolarized light travels through the rotatable polarizer and becomes linearly 
polarized. A compensator (usually a quarter wave plate) converts the linear 
polarization into elliptical polarization and previous reports have shown that all 
polarization states can be achieved after the compensator by rotating the polarizer.151 
The elliptically polarized light reflects off the sample surface and changes its 
polarization state. The aim is to establish linearly polarized light after reflection by 
rotating the polarizer. Subsequently this linearly polarized light is extinguished by
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another rotatable linear polarizer in the analyzer, with the intensity monitored by a 
photo detector. The ellipsometer achieves this ‘null5 position by alternatively rotating 
the polarizer and analyzer until the intensity of the reflected beam is minimised. 'T 
and A values are converted using simple linear equations from the azimuths of 
analyzer and polarizer respectively.
3.3.1.3 Data processing
The calculation of film thickness and refractive index from 'T and A requires a model. 
In this study, a built-in model of the ellipsometer that describes a single transparent 
film on silicon was used, however, the deposition occurs on top of the native silicon 
dioxide and strictly speaking, the layer structure should be film/Si02/Si. The effect of 
the native oxide layer is small because it is very thin (~20A). To verify this, an 
additional model written by Kondoh, also known as the ellipsheet was usedj6-' This 
model is suitable for up to three layers on silicon. For the films with thicknesses of 
~30nm, the ellipsheet gave nearly identical thickness and refractive index values to 
the built in model within the measurement tolerance, showing that the effect of the 
native oxide is small and can be safely neglected.
Ellipsometry was also used to estimate film uniformity. This was done by performing 
the measurement at ten points across a wafer area. The uniformity is related to the 
variation between measurements and is defined as,
Uniformity = (1 - Standard deviation/Mean value) x 100%. (Eq. 3.3)
Errors - The ellipsometer was calibrated on a daily basis and a reference sample of 
Si02 on Si (supplied by Entrepix Thickness 1178A, R.I. 1.467) was regularly
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measured to ensure the accuracy. Although the detection limit of 4^ and A were 
specified to 0.1° and 0.05° respectively by the manufacturer, the rotational mechanism 
degrades upon usage and an error analysis was performed. Figure 3.9 shows the 
histogram of 4* and A obtained during ~100 measurements of the reference sample. In 
overall, both histograms show a Gaussian distribution and the error for 4/ and A is 
±0.3° and ±0.15° respectively, within which counts lie 97% of the total measurements. 
The resulting thickness and refractive index variations of the reference sample are 
±3A and ±0.003 respectively. Although this is a very accurate measurement for the 
reference sample, the errors for thinner films were found to increase dramatically as 
investigated using the ellipsheet.
82.35±0.15 (97%)58.7±0.3 (97%)
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Figure 3.9 Histogram for (a) Psi and (b) Delta from 108 measurements of a Si02 reference
sample.
Figure 3.10 shows the film thickness and refractive index as a function of 4* and A 
calculated from the ellipsheet using the single layer model on silicon.161 It can be seen 
that the thickness and refractive index values respond differently to 4* and A 
according to the thickness range, meaning that the corresponding errors also differ 
according to the thickness range. Figure 3.11 shows the magnifications of Figure 3.10
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for different thicknesses, the area inside the blue rectangle represents the error of 
and A. When the film is thicker than 300A (Figure 3.11a), the typical error on 
thickness and refractive index falls within ±10A and ±0.06 respectively. However, 
when the film is thinner than 200A (Figure 3.11b), the error grows significantly for 
both parameters (thickness ±30A, refractive index ±0.4). It is therefore, preferred to 
measure films thicker than 300A and this principle was followed when depositing 
samples for thickness measurements. In addition to the uncertainty of 4^ and A, the 
ellipsometry measurements can also be affected by a rough surface or pinholes. These 
factors were considered minimal because SEM, TEM and AFM experiments have 
confirmed that they are rarely the case.
T=0 A
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Figure 3.10 Film thickness (T) and refractive index (n) as a function of Fand A calculated
using the ellipsheetJ61
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Figure 3.11 Film thickness (T) and refractive index (n) as a function of F and A when the 
approximate film thickness is (a) ~30nm or (h) ~10nm. The area within the blue rectangle 
indicates the measurement error of Fand A.
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The success of ellipsometry relies on an appropriate model, which means that the 
technique is an indirect measurement and the results validity should be assessed. This 
was done by comparing the thickness value obtained by ellipsometry with weight 
gain, SEM and TEM results. The electron microscopes are believed to be more 
reliable because they measure thickness as a function of magnification, which is a 
direct measurement. Selected samples were compared using electron microscopes and 
the results are summarized in Table 3.3. It can be seen that the ellipsometry 
thicknesses differ slightly to the SEM and TEM results; however, the variations are 
within 10% of the mean values. Thus, the thickness measured by ellipsometry was 
used throughout the thesis to calculate ALD growth rates and the error is estimated to 
be 10% when films are thicker than 30nm. When the film is thinner than this 
thickness, the error is calculated from the errors of T and A.
Material Sample ID Ellipsometry (nm) SEM (nm) TEM (nm)
TaN TaN49 30.2±1 28.5i3
TaN TaN51 32.5±1 28.0i3
Ta3N5 TaN 64 27.5±1 32.0i3
Hf3N4 HfNOl 25.8±1 26.5i3
Hf3N4 HfN21 28.0±1 24.Oil
Hf3N4 HfN20 11.4±3 10.5il
Hf3N4 HfN15 31.0±1 26.Oil
Hf3N4 HfN22 11.3±3 9.4il
GdN Run357 49.3il 53.8i3
Table 3.3 The thickness of selected samples measured by ellipsometry, SEM and TEM.
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3.3.2 Weight gain
A Mettler Toledo XS205 analytical microbalance was used to measure the weight of 
the deposited film. This was done by measuring the weight of the substrate before and 
after each deposition. The weight gain is strong evidence of film deposition and the 
data can be used to extract the layer thickness. In the current work, the weight gain 
was used to ascertain the ellipsometry thickness measurements. The thickness can be 
calculated using the equation below,
T = AM/A X p (Eq. 3.4)
Where T is the layer thickness (cm), AM is the weight gain (g), A is the surface area 
for deposition (cm2), and p is the film density (g/cm3). To use this method, the film 
was assumed to be uniform and the film density was assumed to be constant.
For each measurement, the balance was reset and the sample was weighted 5 times. 
The highest and the lowest readings were abandoned and the average of the rest 
measurements was used to represent the sample weight. To ensure the best accuracy, 
a 50 mm diameter silicon wafer was employed as a reference sample, which was 
always weighed in addition to the sample of interest before and after deposition. The 
weight gain was calculated using,
AM = (Mrl + Msl) - (Mr0 + MsQ) (Eq. 3.5)
Where Mro and Mri is the weight of the reference sample before and after deposition, 
Mso and Msi is the weight of the sample before and after deposition. This method 
should minimise the measurement shift of the analytical balance at different time.
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Figure 3.12 A histogram for the measured weigh of a reference sample.
Material Sample ID Ellipsometry (nm) Weight gain (nm)
Ta205 Ta02 70.6±1 73.5±1.5
TaN TaN48 30.2±1 25.5±3.5
TaN TaN49 32.5±1 28.9±3.5
TaN TaN50 35.2±1 34.9±3.5
TaN TaN51 33.7±1 31.6±3.5
TaN TaN52 33.0±1 36.1±3.5
TaN TaN54 31.2±1 31.0±3.5
TaN TaN55 30.4±1 30.5±3.5
TaN TaN58 36.3±1 40.2±3.5
Ta3N5 TaN62 22.9±2 19.1±3.5
Ta3N5 TaN63 26.3±1 32.3±3.5
Ta3N5 TaN64 27.5±1 26.4±3.5
Ta3N5 TaN65 27.6±1 29.8±3.5
Ta3N5 TaN70 23.7±2 23.U3.5
Ta3N5 TaN71 22.3±2 15.4±3.5
Table 3.4 Thicbiess obtained by the ellipsometer and the weight gain measurements.
The reference sample has been measured for ~400 times throughout the project and 
this generated a histogram, which can be used to determine the error of the analytical 
balance. From Figure 3.12, it is safe to quote that the error limit is ±0.000Ig, in which 
lie the 95% of the total measurements. Given the substrate area and an approximate
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density of deposited material, this means that the film thickness should be greater than 
30nm to give weight gains greater than 0.00 Ig, which then gives a reasonable signal 
to noise ratio. This appears to be matching the preferred film thickness for the 
ellipsometry measurement and most films were deposited with a thickness above 
30mn. As mentioned before, the use of the weight gain was to validate the 
ellipsometry results and table 3.4 summarises the results obtained by both methods for 
selected samples. It can be seen that a good agreement can be found between two 
techniques and the ellipsometry data was used for the growth results presented in this 
work.
3.3.3 Quartz Crystal Microbalance (QCM)
A Quartz Crystal Microbalance (QCM) was used to monitor the mass gain or loss 
during the cyclic ALD processes. The technique was not only used to provide the 
mass gain information, but also to elucidate surface reaction mechanisms. QCM relies 
on the piezoelectric resonance effect. An AC voltage provokes the crystal to oscillate 
at a frequency that is related to the crystal mass per unit area. A thin film deposited 
onto the crystal surface can be considered as a part of the crystal, and leads to a 
frequency change as described by the Sauerbrey equation,
Af = - 2f02/(pc X pc)1/2 X Am (Eq. 3.6)
Where Af is the change in frequency (Hz), Am is the change in mass per unit area 
(g/cm2), and Cf is the sensitive factor for the crystal used,
Cf = 2f07(Pc x Pc)1/2 (Eq. 3.7)
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Where f0 is the natural resonant frequency of the crystal (Hz), pc is the crystal density 
(g/cm3), and pc is the crystal shear modulus (g/cm s2).
In this study, QCM experiments were conducted using a Maxtex TM-400 thickness 
monitor with a custom built sensor head installed in the centre of the reactor. The 
frequency resolution of the monitor is 0.03Hz when operating at 6MHz, and is 
equivalent to a mass resolution of ~0.4 ng/cm2. The sampling rate was 10 times per 
second. As a crystal, quartz is very sensitive to temperature and can only be used up 
to 250°C.[7] However, most deposition occurred at 300°C in this study and to 
accommodate this, a Y-l 1° cut GaPC>4 high temperature crystal (Tangidyne) operating 
at —6MHz optimised for 0-460°C was installed in the sensor head. This crystal is 
hundreds of times less temperature sensitive compared to quartz J7-* The mass gain per 
area was derived using the Sauerbrey equation with a crystal density and sheer 
modulus of 3.57 g/cm3 and 2.147 g/cm s2 respectively for GaP04.[8]
Although the crystal manufacturer has stated that the GaPC>4 has low temperature 
sensitivity, the effect of temperature on the measurement was still investigated as a 
part of the calibration process. The effect of temperature was investigated by purging 
Ar (200sccm) at 300°C, which was the deposition temperature for in-situ monitoring. 
The purge flow was used to mimic the pressure during the deposition. Figure 3.13a 
compares the overall mass gain obtained from 50 TaN ALD cycles with the artificial 
mass gain driven by the temperature during the same time period. The artefact is less 
than 1% of the overall result and therefore, the effect of temperature was safely 
neglected. However, an abrupt pressure change was found to have a significant impact 
on the measurement. Figure 3.13b shows the artificial mass gain recorded for pump 
(30s) and purge (30s 200sccm Ar) sequences at 300°C, the pressures were 28 and
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200 mTorr respectively. It can be seen that a sudden change in pressure affects the 
crystal frequency and leads to an inaccurate measurement. However the overall mass 
change remained close to zero. This is because sufficient rest time was given between 
each pressure change. Therefore, during the in-situ monitoring, the pressure was 
maintained constant when possible, however, in the cases of vapour draw where the 
pressure changes momentarily during dosing, a sufficient rest time (30s) was given to 
stabilize the crystal oscillation prior to the next step in the ALD recipe.
Having established the preferred monitoring conditions for QCM, the equipment was 
calibrated using one ALD deposition of TaN at 300°C (1000 cycles) with the mass 
gain monitored in-situ by the QCM. A silicon substrate was also used simultaneously 
and the mass gain of the wafer was measured ex-situ by a Mettler Toledo XS205 
analytical microbalance. The analytical balance gives a mass gain of 
0.00098±0.0001g, while the QCM gives 0.00102g, showing a good agreement 
between two techniques and confirming the measurement accuracy of the QCM.
Overall mass gain 2400ng/cm
Effect from temperature -22ng/cm'
Time (s)
Purge
Pumpt
Time (s)
Figure 3.13 (a) Mass gain monitored by the QCM at 300°C for 50 TaN ALD cycles and for an 
Ar purge (200sccm) to investigate the effect from temperature; (b) Mass gain monitored 
during a pump (30s) and purge (30s, 200sccm Ar) sequence, the pressures were 28 and
200 mTorr respectively.
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3.3.4 Mass spectrometry
Mass spectrometry was used to compare the gas phase composition between the 
molecular ammonia and plasma ammonia. The technique has provided an insight into 
the reactive species involved in PEALD. Mass spectrometer uses a filament to ionise 
the sampling species. The ions are subsequently separated by electromagnetic fields in 
an analyzer according to their mass to charge ratio (m/Q). Only the ions with the 
desired m/Q can pass the analyzer and these ions are counted by a detector.
Mass spectrometry experiments were conducted using a HPQ2 Residual Gas Analyzer 
(RGA) (MKS instruments). It was fitted on a separate chamber evacuated to 
8xl0‘7mbar using a turbo pump. A leak valve was used between the mass 
spectrometer chamber and the reaction chamber to provide sampling species. The 
sampling pressure was maintained at fxl 0"5 mbar when flowing ammonia. The 
intensities for masses between 1 and 50 were measured and five scans (~2 min per 
scan) were recorded for each sampling condition.
3.3.5 Electron Microscopes
In this study, electron microscopes including SEM, TEM and AES were used to 
ascertain the film thickness, film morphology, microstructure and chemical 
composition. Electron microscopes rely on the signals generated when a high energy 
electron beam interacts with the sample, and these signals used in the current thesis 
are summarized in Figure 3.14.
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Figure 3.14 Signals that may he used in electron microscopes when a high-energy electron
beam interacts with the sample.
3.3.5.1 Scanning Electron Microscope
SEM can be considered as an analogue of reflected light microscopes, but uses an 
electron beam with its short wavelength instead of light for imaging. SEM detects 
both secondary electrons and backscattered electrons, these are generated when a 
focused electron beam interacts with the sample surface. The interaction region 
generating secondary electrons is within a few nanometres of the surface and 
therefore, they can be used for imaging. SEM mainly detects secondary electrons and 
the yield at a given beam spot is recorded to represent the contrast for a pixel. When 
the beam scans over an area, the contrast information for each pixel is gathered and an 
image is subsequently formed.
A Jeol JSM-7001F field emission SEM was used to measure the thickness of selected 
samples and to investigate surface morphology. The experiment was conducted by 
Karl Dawson (University of Liverpool) using an acceleration voltage of 30kV, a beam 
current of ~250pA, and a working distance of ~7mm. The sample was cleaved and
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mounted with the cross section parallel to the sample holder by conductive tapes. The 
sample holder is equipped with a goniometer to allow examinations under all 
orientations. An SEM picture for Ta3N5 on silicon is shown in Figure 3.15.
Figure 3.15 A SEM picture for a Ta3N5 film on silicon (TaN64).
3.3.S.2 Energy Dispersive X-ray (EDX) Analysis
X-rays are generated when a high energy electron beam interacts with the sample 
(Figure 3.14). The phenomenon is attributed to the interactions between an incident 
electron and the inner shell electrons of the target atom.191 If an inner shell electron is 
knocked out by the incident electron, the atom is excited. This state is not stable and 
the atom will relax within a short period of time, if the atom relaxation is achieved by 
a jump of an outer shell electron into the inner shell vacancy, an elemental specific x- 
ray is emitted. This raises the possibility of composition analysis using the x-ray 
spectrum.
Energy dispersive x-ray (EDX) analysis is able to detect the x-ray spectrum and is 
often employed in SEMs or TEMs. It should be noted that the region of the material 
that generates x-rays is quite large, typically within a few micrometers of the
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surface.[9] In the current study, this means that signals from the substrates were 
inevitably detected because all films deposited were thinner than 200mn. Depth 
profiling is also difficult within this thickness range. Therefore, EDX results were 
used to qualitatively determine the chemical composition.
A Jeol JSM-6610A SEM equipped with an Oxford Instrument Inca X-act model 51 
EDX detector was used for the work reported in chapter 6. The X-rays were generated 
using an incident beam with an acceleration voltage of 30kV. The working distance of 
the EDX detector was ~10mm. The X-ray spectrum with the energy from 0 to lOeV 
was collected for two minutes. The elements to be detected are tantalum, gadolinium, 
silicon, oxygen, nitrogen and carbon. Table 3.4 summarizes the primary peaks of 
these elements, and fortunately, they do not overlap. The carbon feature in the EDX 
spectrum should be treated with care because the microscope uses rotary and diffusion 
pumps to achieve vacuum, which means that organic oil species would contribute to a 
background carbon signal.
Ta Gd Si O N C
Primary
peak
energy
(keV)
La 8.146 
LPi 9.343 
Lp2 9.652
La 6.057 
Lpi 6.713 
Lp2 7.103
Ka 1.740 
Kpi 1.829
Ka 0.525 Ka 0.392 Ka 0.277
Table 3.5 Primary X-ray emission energies for tantalum, gadolinium, silicon, oxygen,
nitrogen and carbon/10^
3.3.S.3 Other microscopes - TEM and AES
Selected films were examined using transition electron microscopy (TEM) to 
investigate the film thickness and microstructure. Cross section specimens were used 
for imaging, they were prepared conventionally by gluing two samples with the
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surface of interest facing each other, the stack was sliced and mechanically polished 
to ~50 pm. A Gatan ion miller (model 691) was subsequently used to thin the 
cross-section specimen until transparent, Ar+ beams with an energy of 5keV and an 
incident angle of 5° was used for ion milling. The TEM studies were conducted at the 
University of Liverpool by Robert Murray using a Jeol 2000 FX TEM operating with 
an acceleration voltage of 200kV. An example TEM picture for Hf3N4 on silicon is 
shown in Figure 3.16.
Figure 3.16 A TEM picture for Hf3N4 on silicon (HfN21 FX3067).
A few Auger Electron Spectroscope (AES) experiments were also carried out to depth 
profile chemical composition for thick films (>30nm), this was done to compensate 
the thickness limitation of MEIS analysis (20nm), which will be introduced below. 
AES experiments were conducted at Hangyang University (South Korea) by Prof. 
Hyeongtag Jeon using a PHI-680 AES with a lOkeV electron beam. And a 2keV Ar+ 
ion gun was employed in order to sputter the films with a sputter rate of 7.1nm per 
minute.
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3.3.6 Atomic Force Microscopy (AFM)
Atomic force microscope (AFM) was used to assess the film topography. The 
technique was used to confirm that films deposited using ALD have a smooth surface 
(typically sub-nanometre roughness). Arithmetical mean roughness (Ra) was used to 
express the smoothness and is equal to the average of sample height deviations.
Photodiode
Feedback
Laser
Sample
surface
PZT scanner
Figure 3.17 A schematic of AFM.
Compared to electronic microscopes, AFM offers sub-nanometre vertical resolution 
without sample preparation. It relies on the various forces between the probing tip and 
surface atoms. They may include interatomic, frictional, magnetic and electrostatic 
forces. Figure 3.17 shows a schematic of AFM operating in a ‘contact mode’. A tip 
supported by a cantilever is used to probe the sample surface and its position is 
controlled by the voltages applied to three axis piezoelectric transducers (PZT) fitted 
at the sample holder. To image the topography, the tip is lowered to the surface and 
the cantilever bends against the sample, the degree of this bending is monitored by a 
photodiode that detects the position of a laser reflected from the tip. The AFM keeps
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the laser beam in the middle of the photodiode by controlling the voltage applied to 
the PZT. The recorded voltage is converted to the sample height and the surface 
topography is viewed after the tip scans over a given area.
In this study a Nanoscope Ilia (Digital Instrument) AFM was used to measure the 
surface roughness of deposited films. Images were recorded in contact mode using a 
silicon nitride tip (Veeco nanoprobe NP-S20) with a scan frequency of 0.5Hz and 
over areas from 1 to 10 pm2 (512 lines). The AFM was calibrated by Tim Joyce 
(University of Liverpool) using a reference sample (Veeco) and the surface roughness 
of silicon substrates was measured prior to the actual experiments. Figure 3.18 shows 
an AFM micrograph for a silicon substrate. This is a featureless picture and the 
surface roughness (Ra) was found to be 0.3nm. Although the single crystal silicon 
should be atomically flat, the measured roughness may be attributed to the vibrations 
during the measurement.
20nm
lOnm
Onm
Rms(Rq) 0.395 nm 
Ra 0.325 nm
Rmax 1.272 nm 
Surf. Area 1.000 nm2
Figure 3.18 An AFM image for a silicon(lOO) substrate.
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3.3.7 Medium Energy Ion Scattering (MEIS)
3.3.7.1 Background
Medium Energy Ion Scattering (MEIS) was used as the key technique to depth profile 
film chemical composition and to estimate film density when combined with 
thickness measurements (ellipsometry, SEM or TEM). The MEIS experiments were 
carried out at the Daresbury Laboratory of the Council of the Central Laboratory of 
the Research Councils (CCLRC)J1 ^ MEIS is a modification from a more commonly 
known technique, Rutherford Backscattering Spectroscopy (RBS), but with much 
lower operation energy. The typical ion beam energy for MEIS is between 50 and 
400 keV, compared with 1 to 2 MeV in RBS. This confinement favours a significant 
enhancement in depth and angle resolution with low damage to the sample.
Element detection - MEIS uses a mono-energetic, collimated H'i' or He+ beam to 
collide atoms in the sample, the elastic collisions result in scattered ions with a spread 
of remaining energy and scattering angles. The energy after an elastic collision is 
described using a kinematic factor, K, and the overall relation is written asj12^
Ei
E0
i
(m|- Mi sin20)2+ Mi cos 0
M2+ Mi
2
(Eq. 3.8)
Where Eq is the incident bean energy, Ei is the remaining beam energy after collision, 
Mi is the atomic mass of an incident ion, M2 is the atomic mass of a target atom, and 
0 is the scattering angle. By measuring the resulted energy at a fixed scattering angle, 
M2 is calculated and the corresponding element can be determined.
79
Quantification - Quantitative analysis is achieved by measuring the scattering counts 
for a specific element, however, scattering cross sections should be taking into 
account because different elements have different scattering yields. The detailed 
calculation of scattering cross sections is complicated and is beyond the scope of this 
thesis. In MEIS, the scattering cross section.is proportional to the square of the atomic 
number for each element.112-1 During data interpretation, this is normalized to give a 
relative atomic ratio calculated using the equation below,
Ri
r2
(Eq. 3.9)
Where R, C and Z are the relative atomic fraction, scattering counts and the atomic 
number respectively, of elements 1 and 2.
Depth profile - Ions travelling within the sample are subject to interactions with 
electrons and atomic nuclei in the target, resulting in inelastic energy loss of the ion. 
The energy loss is related to the path length of the ion, and is commonly described by 
the stopping power (eV/A). This allows MEIS to convert the lost energy into 
thickness and consequently determine the depth of elastically collided atoms. The 
estimation of stopping power requires knowledge of the target material and its 
density. Since it is difficult to estimate thin film densities, bulk material densities are 
generally used. This leads to an inaccurate converted thickness because most thin 
films densities are significantly lower than the bulk value. However, if the film 
thickness is measured by another technique (TEM, SEM or Ellipsometry), the process 
can be reversed to calculate the actual density using the equation below,[13]
ThicknessMEIS x DensityMEls = = ThicknessReal x DensityReal (Eq. 3.10)
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33.7.2 Experimental procedure
The details of the MEIS facilities at Daresbury have been previously described by 
Werner*-12-1 and Bailey,[I4-1 this section only introduces the experimental procedure. 
Figure 3.19 shows a schematic of the MEIS experiment. A mono-energetic ion beam 
strikes atoms in the sample and results in scattered ions, whose energy is subsequently 
measured by a detector at a fixed angle. As indicated by Eq. 3.8, parameters including 
the ion mass, ion incident energy and scattering angle should be well defined for the 
experiment. MEIS facilities at Daresbury allows either H+ or He+ ions as the source 
and the incident energy may be tuned from 50 to 200 keV. These ions are 
significantly smaller than the target atoms, meaning that some ions may travel in the 
material without being scattered. This effect is mostly dominant when the ion beam is 
aligned with crystallographic planes in a single crystal material, resulting in smaller 
scattering counts compared to random orientations. These special aligmnents are 
called open channels. In the current work, MEIS relies on the crystallographic planes 
of the Si(100) substrate to accurately determine the scattering angle. The scattering 
angle is related to both beam-in and beam-out angles (0i, 02 in Figure 3.19). The 
beam-in angle is aligned by controlling the sample orientation relevant to the incident 
beam until the scattering count for silicon is minimised. Take the alignment to the 
Si {-1-11} for example, the beam was firstly aligned to Si {001} crystallographic 
plane, which is the perpendicular plane to the Si surface. The sample was then rotated 
54.7° around the c-axis to make the beam roughly aligned to the Si {-1-11} plane. The 
final adjustments were made by fine tuning the orientation of the sample to the beam 
until the counts on the detector is minimised. The beam-out angle is determined by an 
angle sensitive detector, which collects counts over an angle range of 27° and the
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direction with the minimum counts represents the open channel. This method 
accurately determines the scattering angle and minimises signals from the silicon 
substrate.
rf\ Si (1 00) 
Substrate
Figure 3.19 A schematic of the ME1S measurement, E0 is the incident beam energy, K is the 
kinematic factor, Efis the energy after both elastic and inelastic collisions; in this particular
case 6,+62=9(f.
Once ions are scattered off the sample, the resulted beam energy, ion counts, and 
scattering angle are all analysed by a Toroidal Electrostatic Analyzer (TEA) 
(Figure 3.20). Ions entering the TEA are deflected by the electric field of two charged 
plates that bends 90° towards the detector. The position that the ion strikes the 
detector is consequently relevant to its scattering angle and energy. The counts of ions 
striking each position on the detector are recorded on a computer. The analyser has a 
27° acceptance angle with an angular resolution of 0.3°, the energy resolution AE/E is 
~ 0.35%.['21 During a measurement, a fixed dose of incident ions, typically within the 
range of microcoulombs is given, and the corresponding scattering counts, energy, 
and angles are recorded.
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Figure 3.20 A schematic of MEIS analyzer.1121
3.3.7.3 Experimental parameters
The experimental parameters used in this project were specifically chosen for nitride 
characterisation. In a typical nitride film deposited in this study, the elements of 
interest may include a metal (ma ranges from 64 to 73), nitrogen (ma=14), oxygen 
(ma=16), and carbon (ma=12). The major challenge for MEIS is to differentiate the 
light elements whose atomic masses are close to each other. The scattering 
configurations chosen should allow the maximum peak separation of these elements 
on the spectrum to avoid ambiguity of the results.
As illustrated in Eq. 3.8, the scattering energy (peak position) is dependent on the 
incident energy, the incident ion mass, and the scattering angle. The scattering energy 
is proportional to the incident energy and therefore, the maximum beam energy of 
200 keV was used to ensure a wider separation between peaks. The effects of the
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latter two can be described by the kinematic factor, K, and are illustrated in Figure 
3.21a. A better separation between K values can be achieved when using He+ ions 
rather than H+ ions, it can also be done by increasing the scattering angle. However, 
the scattering angle in MEIS is also restricted by the possible open channels in silicon. 
The beam-in angle was chosen to be Si {-1-11} because this channel is easy to find. 
Figure 3.21b shows the possible beam-out channels with the corresponding scattering 
angles. It can be seen that Si {112} direction allows the maximum separation of the K 
values and this configuration was used throughout the project. The problem of a large 
scattering angle is the decrease of scattering yields, which means that longer time is 
required to obtain a MEIS spectrum. Each nitride MEIS spectrum presented in the 
current work requires more than half-day to acquire and thus only selected samples 
were characterised by MEIS. The full details of the MEIS experimental conditions are 
summarized in Table 3.5. The films for MEIS experiments were deposited with a 
target thickness of lOnm, this is because thick films result in peak overlapping, which 
leads to ambiguity of the spectrum. A thick film also raises challenges in the 
alignments to the Si channels.
Beam out channels
H+ incident ions
le+ incident ions
.y 0.6
E 0.5
£ 0.4 -
Scattering angle (degree) Scattering angle (degree)
Figure 3.21 The change of Kinematic factors when using (a) either H+ or He+ ions (b) He+ 
ions at various scattering angles, the dot lines show the possible beam-out channels when the
incident beam is aligned to Si{-l-ll}.
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Parameter Value
Ion source He+
Beam energy 200 keV
Beam current 60 nA
Beam-in orientation Si{-1-11}
Beam-out orentation Si{112}
Scattering angle 90°
Dose 6-10 pC
Table 3.6 Measurement parameters for MEIS experiments.
3.3.T.4 Data processing
By changing the voltages applied to the plates in the analyzer, the full energy data is 
collected and Figure 3.22a shows the MEIS raw spectrum for a ~10nm TaN film on Si 
(100) substrate. The different colour represents scattering counts. Taking a cross 
section of the data along the angular axis gives the counts vs scattering angle 
spectrum (Figure 3.22b), the dip at 90° scattering angle represents the Si {112} 
beam-out direction. Taking a cross section along the energy axis at this angle gives 
the energy spectrum for the desired scattering configuration (Figure 3.22c).
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Figure 3.22 (a) MEIS raw data for a TaNfilm on Si (100); two arrows indicate (b) the 
angular cut and (c) energy cut along the Si {112} beam-out direction.
Two techniques were used to interpret the energy spectra, they are depth profiling and 
SINMRA simulation. In depth profiling, the kinematic factors were firstly used to 
identify the element of each peak. Depth information was subsequently obtained using 
the stopping power. The stopping power of He+ in the corresponding material was 
simulated by SRIM 2008bulk material densities were used for simulations and an 
example is shown in Figure 3.23. The energy to depth conversion was made by a 
numeric computer program described by Werner.112J The results are represented as the
(c)
N O
(b)
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thickness bars above each peak in the energy spectrum (Figure 3.24). By subtracting 
the silicon background, normalizing the scattering cross sections, and re-plotting the 
energy axis to the thickness, a depth profile spectrum is produced (Figure 3.25). The 
major error introduced in the result interpretation is the subtraction of the Si 
background, and this has been taking into consideration by using error bars. Typically 
speaking, the metal elements, oxygen, nitrogen and carbon have errors of ±1.5%, 
±5%, ±8%, and ±10% respectively. Another method to interpret the data is the 
SIMNRA simulation,*16' which simulates the energy spectrum by inputting layer
structures. The results were obtained when the simulated spectrum matches the 
experimental data, an example is also shown in Figure 3.24.
Energy (keV)
Figure 3.23 The stopping power of He in TaN (density 13.7 g/cm3).
O depth (nm)
Si depth (nm)
N depth (nm)
~ 200
Energy (keV)
Ta depth (nm)
' 16 14 12 10 8 6 4 2 0
-------experimental
-■ simulated
Energy (keV)
Figure 3.24 An energy spectrum showing the energy to depth conversion using the numeric
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method described by Werner the colour lines shows SIMNRA simulations to the raw data. 
The spectrum is displayed in (a) low and (b) high energy ranges.
-------Tantalum
------- Oxygen
-------Nitrogen
-------Silicon
10 12 14
Thickness (nm)
Figure 3.25 A depth profiling spectrum for TaN on silicon.
3.3.8 X-ray Diffraction (XRD)
X-ray diffraction was employed to access the microstructure of the films deposited by 
ALD. XRD detects the constructive interference of x-rays reflecting off (hkl) 
crystallographic planes. A schematic of this process is shown in Figure 3.26. 
Monochromatic x-rays strike the crystallographic planes with an angle 0 to the 
surface. It the reflected x-rays are in phase the waves interfere constructively and the 
amplitude is raised, which can be subsequently quantified by a detector located also at 
an angle 0 to the surface. The constructive wave requires the path length (AB+BC) in 
Figure 3.26 to be one or more wavelength (X) of the incident X-ray. This length can 
be used to trigonometrically calculate the distance between two or more parallel (hkl) 
crystallographic planes, dhki, and the relation is described by the Bragg’s law,
nA= 2dhki sin 0 (Eq. 3.11)
where n is the integer, dhki is the atomic spacing of the (hkl) planes (A), A is the x-ray 
wavelength (A) and 0 is the diffraction angle (°).
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Beam
Scattered
Beam
Figure 3.26 Geometry for X-ray diffraction
The technique requires the wavelength of the incident light to be smaller than the d 
spacing, which is approximately a few angstroms in many cases. X-rays generated 
from copper (Ka A,=1.5405A) are the most widely used for XRD. Since the set of 
plane spacing in a crystal is usually a unique characteristic, XRD may be used as an 
analytical tool to indicate composition and to determine the crystal structure.
All XRD experiments in this study were carried out using a Rigaku Miniflex 
diffractometer with Cu Ka source in 9/20 Bragg Brentano configuration. The sample 
thicknesses were over 30nm to ensure good signals. A ‘fixed-time’ method was used 
for each scan, the x-ray intensity was collected for 5s at a fixed 20 angle, which steps 
with a 0.01° interval until the desired angular range is scanned. This measurement 
condition has been optimised for thin film characterisation and was adopted from the 
work reported by Marshall.1171 The X-ray diffractometer was also calibrated by P. 
Marshall using a Si02 powder sampled171 The experimental diffraction patterns were 
compared with the reference spectra from the Cambridge Structure Database (CSD) 
and the corresponding crystal structure were determined.
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3.3.9 Four point probe
For conductive films, the electrical resistivity was measured using a four point probe. 
Figure 3.27 shows a schematic of the measurement, a constant current flow is given 
between the probe 1 and 4, while the voltage between the probe 2 and 3 is measured. 
If the film thickness, h, is significantly smaller (typically 40%) than the probe 
spacing, d, and the measurement is performed well away from the sample edge 
(r>4d), the sheet resistance Rs (Q/n) can be calculated using the equation below,
Rs = 4.53Xy (Eq. 3.12)
The electrical resistivity, p (flcm) can be obtained if the thickness (h) is known,
P = Rsxh (Eq. 3.13)
Insulating substrate
Figure 3.27 A schematic of a four point probe measurement.
Four point probe measurements were conducted using a Signatone probe head (SP4- 
50085TFS) and a Keithley 2400 source meter. The probe was placed onto the sample 
using a thread based supporting arm, which ensures a consistent probing pressure and
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ohmic contacts. Films thicker than 30nm were prepared for the measurement because 
thin films (<10nm) lead to electron scattering at the interfaces, which increase the 
resistivity.1191 The measurement consistency was accessed using a TaN film (lOOnm) 
deposited on soda-lime glass. -100 measurements were performed with a current of 
20 pA, for each measurement the probe was reloaded onto the sample and the current 
was reset. This has resulted in a voltage histogram shown in Figure 3.28. The voltage 
resolution, AV/V is 3.5% and a similar error was obtained for all measurements when 
the measured voltage lies between 10 4 and 1 V. Figure 3.29 shows that measurements 
taken outside this range are unreliable, which can be attributed to the detection 
limitation of the voltmeter. Based upon the voltage error, the corresponding resistance 
error was calculated and AR/R was found to be 7% (Figure 3.30).
AVA/=3.5%
0.042±0.0015 (98%)
0.039 0.040 0.041 0.042 0.043 0.044 0.045 
Voltage (V)
Figure 3.28 A histogram for ~100 voltage measurements on a TaN film on glass using a
current of -20/jA.
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Voltage (V) Voltage (V) Voltage (V)
Current (A) Current (A)
-2.0x10''-1.0x10'8 0.0 
Current (A)
V/I = 6300r2
Figure 3.29 Voltage as a function of current for a TaNfilm on glass at a voltage range of (a)
10-5V, (b) 1 O'2 V and (c) 10 V
Voltage (V)
0.04 --
0.02 --
Current (joA)
-0.02--
R = 2100 ±150 ohm
Figure 3.30 Voltage as a function of current showing the error of resulted resistance.
It was suspected that soda lime glass substrates are not suitable for the electrical 
measurement due to the possible sodium diffusion to the film. This was investigated 
using multiple insulating substrates during one ALD deposition of TaN (~30nm) at 
300°C, they include Si02, sapphire, Ta205, and soda-lime glass. The resulted 
resistance values (Table 3.6) show a good agreement within the measurement 
tolerance. Due to its availability, soda-lime glass slides were used as the substrate for 
four point probe measurements throughout the study. The glass slides were cleaned in
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an ultrasonic bath using de-ionised water, rinsed with isopropyl alcohol and then 
dried.
Substrates lOOnm Si02 on Si Sapphire
lOOnm Ta205 
on Si
Soda lime 
glass
Resistance of the
TaN film (Q) 6000±420 6600±460 5900±410 6400±450
Table 3.7 The resistance for TaNfilms deposited on various substrates during one ALD
deposition.
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Chapter 4. Tantalum nitride
In this chapter, thermal ALD has been investigated for the deposition of tantalum 
nitride. A comparison has been made between ammonia and monomethylhydrazine 
(MMH) as a nitrogen co-reactant. The process using MMH has resulted in highly 
resistive nitrogen rich tantalum nitride. The process using ammonia, by contrast, has 
resulted in electrically conductive tantalum mono nitride, the film resistivity exhibits 
the lowest value compared with previous thermal ALD studies in the literature.
4.1 Introduction
Tantalum nitride (TaNx) is a versatile material, with a main stoichiometry ranging 
from the mono nitride, TaN, to the nitrogen rich, TaaNs phase.*1* The physical 
properties including density, colour appearance and electrical property are 
significantly affected by the nitrogen content. The bulk densities of TaN and TasNs 
are 13.7g/cm3E2] and 9.85g/cm3*3] respectively. TaN has a grey colour*4*, whilst TasNs 
has a yellow colour.*5* The electrical resistivity of TaN can be as low as 0.25 mQ.cm 
at ambient temperature (30 OK) making it a good conductor, whereas TasNs exhibits 
significantly higher resistance, typically higher than 6,000 mLfcm.*6* Theoretical 
calculations suggest that the higher resistivity of TaaNs is due to the formation of 
tantalum vacancies, which decreases the density of states at the Fermi level.*7*
TaNx is thermodynamically very stable with respect to copper,*8* and has been 
extensively studied as a diffusion barrier between copper interconnects and silicon for 
Very Large Scale Integration (VLSI) based circuits.*9"13* Although the diffusion 
barrier property of TaNx improves with the nitrogen content,*9’14"17* the higher
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resistivity increases the overall resistance of the interconnects. This is detrimental to 
the device performance, because a higher resistance leads to more power consumption 
and heat generation during operation. Thus, conductive TaN is currently required,[18‘ 
203 however, Kim et al. has argued that when the device dimensions shrink, the overall 
interconnect resistance will largely rely on the interconnects themselves rather than 
being affected by a diffusion bamer and therefore, TaaNj may become advantageous 
in the future.In addition, TaNx has many other applications, for example, TaN has 
been investigated as a gate electrode,[21"23] a work function tuning layer,t24] thin film 
resistors/251 and as a non-magnetic interlayer in non-volatile magnetic random access 
memories (MRAM)J261 TaaNs has also been used in photonic structures, such as 
inverse opals because of its high refractive index (3.0) and partial transparency in the 
visible wavelengths/271 It has also been used for photocatalysis^281 and 
photoelectrolysis/291
The adoption of any material for applications in microelectronics is heavily dependent 
on thin film deposition technology. The deposition method employed must produce 
high quality, uniform, pinhole free films with the desired stoichiometry and thickness. 
In many modern devices, the films must be conformal over high aspect ratio features, 
such as the trench structures in dynamic random access memory (DRAM) cells, 
where TaN can be used as a gate electrode/301 The thermal budget of the deposition 
process may also be an important consideration when temperature sensitive parts of 
the device have been formed prior to deposition/311 As introduced in Chapter 2, 
Atomic Layer Deposition (ALD) can fulfil these requirements and as a result is 
becoming increasingly popular as a thin film deposition technique for 
microelectronics and many other applications/32'341
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ALD deposition of TaNx has previously been reported using various Ta precursors. 
The halide precursors including TaF5J351 TaCls,[17,36] and TaBr5[37] have been most 
widely studied, however, these tend to form corrosive hydrogen halides by-products, 
which can damage the deposition equipment. Halide precursors also require relatively 
high deposition temperatures (>400°C) to prevent halide incorporation within the 
filmJ36^ To overcome these challenges, amide-based precursors such as 
pentakis(dimethylamino)tantalum (PDMAT) Ta{N(CH3)2}5,[38]
pentakis(ethylmethylamino)tantalum (PEMAT) Ta{N(CH3C2H5)}5/39J and 
(tertbutylimido)tris(diethylamido)tantalum (TBTDET) TalN^HsMs{NC(CH3)3}[401 
have been developed for TaNx ALD. Amides allow lower deposition temperatures 
because they undergo a transamination-like reaction with co-reactants such as 
ammoniaJ411 Recent theoretical calculations showed that the nitride formation can be 
driven by low barrier (10.6 and 27.6 kcal/mol) ligand exchange mechanisms between 
an amide precursor and ammonia, in addition, amine by-products may also catalyse 
the nitride formation and therefore provide favourable reaction thermodynamics.[42-1 
Carbon and hydrogen are potential impurities when using amide precursors; however, 
efficient transamination-like reactions exchange the carbon rich amide group in the 
precursor with ammonia and therefore, these contaminants should be minimised. 
Carbon content as low as 2% have been reported in TasNs films deposited with 
PDMAT and ammonia at 275°CJ38J
A major challenge in the ALD of TaNx is the control of the nitride stoichiometry, 
especially in the deposition of TaN. Because the oxidation states of the metal in the 
precursor are Ta(V) or Ta(IV) and the required oxidation state in TaN is Ta(III), a 
reduction reaction is necessary. A range of nitrogen co-reactants including ammonia 
(NH3),[383 hydrazines/31,401 and nitrogen/hydrogen mixed radicals^173 have been studied
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in the ALD deposition of TaNx. Hydrogen radicals can achieve the reduction in 
Plasma Enhanced (PE) ALD,[17] however, very few reports are available on the 
deposition of TaN using thermal ALD. This is partially due to the difficulty of finding 
a suitable precursor-reactant combination for the reduction reaction. Ammonia is the 
most widely used nitrogen co-reactant in thermal ALD of nitrides, however, previous 
studies have only been able to obtain nitrogen rich TasNs when ammonia was used 
with either tantalum halide[36] or amide[43] precursors. Reductants such as zinc[36] and 
trimethylaluminium (TMA)1-3^ have been used with ammonia to produce conductive 
TaN, however, transport of zinc vapour requires high temperatures (>400°C) and the 
use of TMA results in both A1 (12 at.%) and C (22 at.%) impurities. Hydrazines are 
another class of nitrogen co-reactants that can be used for nitride ALD and offer 
superior reactivity to ammonia.[44] The high reactivity of hydrazine based co-reactants 
means that lower temperature processes are possible, which has been demonstrated 
for the ALD of TaNx with TBTDETE40] and TaCl5.[3I]
In this chapter, the thermal ALD of TaNx using PDMAT and either ammonia or 
monomethylhydrazine (MMH) are compared. In contrast to previous thermal ALD 
studies, where ammonia based ALD produces semi-insulating TaaNs, this study 
demonstrates that conductive TaN can be deposited using ammonia without the need 
for any additional reductant. The use of MMH as a co-reactant is reported and it is 
shown that semi-insulating TaaNs can be produced. The growth behaviour has been 
studied as a function of the growth conditions, and has been analysed in detail using a 
quartz crystal microbalance (QCM) to elucidate the chemisorption of PDMAT.
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4.2 Results and discussion
TaNx films were deposited on 100mm diameter p-type Si(100) substrates used as- 
supplied without any additional surface preparation. Soda lime glass slides measuring 
75 x 25 mm were also used as the substrates for electrical resistivity measurements. 
The depositions of TaNx using thermal ALD with PDMAT (SAFC Hitech) and either 
ammonia (Electronic grade, Air Products), or MMH (SAFC Hitech) were carried out 
in an OpAL thermal reactor, and the growth parameters are summarised in Table 4.1. 
During each step of the ALD cycle, the overall gas flow into the reactor was 
maintained at 200sccm to keep the pressure approximately constant at ~200 mTorr 
except during MMH doses, where the pressure changed to ~250mTorr momentarily 
(within Is) due to the high vapour pressure of MMH. The initial growth experiments 
(not shown), using purge lengths of 5, 10 and 15s, resulted in nearly identical films 
and therefore a purge time of 5s was used.
Reactor, leak rate and cleaning 
method
OpAL thermal ALD reactor, ImTorr/min, 1 hour Ar 
pump and purge
PDMAT transport 
temperatures
75°C (bubbler) - 90°C (manifold) - 100°C (chamber 
walls)
Substrate temperature 200-375°C
PDMAT doses 150sccm 0-8s
PDMAT purge 200sccm 5s
Co-reactant Without co-reactant Ammonia MMH
Co-reactant doses N.A. 1 Osccm0-12s
0-30ms 
vapour draw
Co-reactant purge 200sccm 5s
Table 4.1 Growth parameters for the depositions ofTaNx using thermal ALD with PDMAT 
and either ammonia, MMH or without a co-reactant.
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4.2.1 Growth characteristics
The effects of deposition temperature (Figure 4.1) on the growth of tantalum nitride 
with PDMAT (6s dose) and either ammonia (3 s) or MMH (20ms) were investigated. 
Tests were also conducted without any co-reactant to assess the thermal 
decomposition of PDMAT. In the absence of a co-reactant, growth rate remains close 
to zero between 200 and 300°C but increases rapidly to 0.7 A/cycle at 375°C5 
indicating that PDMAT undergoes thermal decomposition at temperatures above 
300°C. This is consistent with the previous work using PDMAT reported by Maeng et 
alJ43]
The growth rate for the ammonia process clearly increases with temperature, rising to 
0.24 A/cycle at 200°C, to 0.6 A/cycle at 300°C and to 1.1 A/cycle at 375°C 
(Figure 4.1), indicating a CVD growth mechanism. At temperatures above 300°C, 
thermal decomposition is expected to contribute to the deposition rate too. Thermal 
decomposition often results in high levels of carbon from the ligands and this is 
confirmed in the MEIS analysis of the films grown at 375°C (table 4.2), which shows 
a carbon incorporation level of 27±10 at.%. The increasing growth rate observed 
between 200 and 300°C is not related to thermal decomposition of the precursor, but 
is indicative of thermal activation of the reactions between the PDMAT and the 
ammonia.
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Ammonia
MMH
Without co-reactant
--------------->---------------1------------------ 1-----------1_—i---------------1________i___________ i
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Temperature (°C)
Figure 4.1 Growth rate as a function of deposition temperature using 6s PDMAT doses with 
either 3s ammonia doses, 20ms MMH doses, or without co-reactant. Error is ±0.03 A/cycle.
For the MMH, the growth rate at 200°C is ~0.3 A/cycle, which is slightly higher than 
the growth rate using ammonia and indicates the superior reactivity of MMH. The 
higher reactivity of MMH can be explained by the weak N-N bonding in hydrazines 
compared with the strong N-H bonding in ammonia, which can be represented by 
radical formation enthalpies, AH0, with a value of 297 and 461 kJ/mol for hydrazine 
and ammonia respectively.1441 At temperatures between 200 and 300°C the growth 
rate plateaus out, providing a good ALD temperature window. Once again, the growth 
rate increases at temperatures above 300°C due to thermal decomposition of the 
PDMAT.
The observed difference between the growth rate for the two processes at 
temperatures below 300°C is consistent with the ALD study reported by Burton et al. 
using TBTDET and either ammonia or hydrazine.1401 In this study, the authors observe 
an ALD window for the hydrazine process between 180 and 220°C, whilst they do not
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see a temperature plateau for the ammonia process at all. For ammonia, it is 
speculated that growth rate is controlled by surface chemistry, which is limited by the 
thermal reactivity of ammonia. In contrast, hydrazines are generally much more 
reactive and hence require significantly less energy to react on the surface. As a result, 
the MMH process is limited by surface reaction sites rather than chemical reactivity, 
resulting in an ALD window.
PDMAT dose (s)
Figure 4.2 Growth rate as a function of PDMAT dose for ammonia (3 s) based ALD at 300°C.
The effect of PDMAT dose was investigated by varying the dose between 0 and 8s at 
a fixed growth temperature of 300°C with 3s ammonia doses. The growth rate (Figure 
4.2) increases readily between 0-2s doses to 0.53 A/cycle and then saturates at 
0.6 A/cycle for doses above 4s. This confirms that PDMAT is a good self-limiting 
precursor for ALD growth, in agreement with previous studies.143' Self-limiting ALD 
provides large area uniformity, and the thickness unifonnity was assessed by 
ellipsometry using films deposited for 600 ALD cycles under saturative conditions.
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The thickness variation was small and the uniformity was 96±1% across 100mm 
diameter wafers (Figure 4.3).
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Figure 4.3 Thickness measured by the ellipsometry across the film deposited on a 100mm 
diameter Si wafer using 600 cycles of 6s PDMA T with 6s ammonia at 300"C.
The effects of co-reactant dose were investigated by varying either ammonia (0-12s) 
or MMH (0-30ms) doses at 300°C with alternating 6s PDMAT exposures (Figure 
4.4). The growth rate for the ammonia process increases as the dose increased from 0 
to 3s and saturates at 0.63 A/cycle. Similarly, the process using MMH reaches a self- 
limiting rate of 0.4 A/cycle at 10ms doses.
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Figure 4.4 Growth rate as a function of either ammonia or MMH doses at 300°C using
PDMAT (6s).
4.2.2 QCM analysis
It is clear (Figure 4.4) that the saturated growth rate for MMH is lower than that for 
ammonia. To investigate this further, in-situ QCM measurements were carried out for 
ammonia (12s) and MMH (20ms) processes at 300°C using 6s PDMAT doses and 15s 
purges. The long purges were used to ensure stabilization of the QCM crystal. 
Figure 4.5a shows the mass gain during 10 ALD cycles for each co-reactant, both of 
which follow overall linear dependence on the number of cycles. The observed mass 
gain is in a good agreement with ex-situ weight gain measurements on Si(100). 
Figure 4.5b shows the average mass gain and mass loss for each ALD cycle obtained 
by averaging over 10 cycles. These data confirm that the lower growth rate for the 
MMH process is related to a lower mass gain in the PDMAT chemisorption, which
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indicates that fewer surface reaction sites are available on the MMH terminated
surface.
Ammonia
MMH
200 3<
Time (s)
AmmoniaPDMAT
Ammonia
MMH
20
Time (s)
Figure 4.5 (a) QCM data for 10 cycles of either ammonia or MMH based ALD at 300oC; (b) 
Detailed view of QCM data for one ALD cycle using either co-reactant at 300°C. The ALD 
cycle for ammonia and MMH is 6s-15s-12s-15s and 6s-15s-0.02s-26.98s respectively.
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In the deposition process using PDMAT and ammonia (Figure 4.5b), the PDMAT 
exposure results in an average mass gain of 113ng/cm2 and corresponds to 
chemisorption of PDMAT molecules on the surface. The chemisorption of PDMAT is 
likely to be driven by reactions between surface groups (-NH or -NH2) and the 
dimethylamido ligands (-NMe2). In this type of exchange reaction, schematically 
illustrated in Figure 4.6, HNMe2 is produced as a gaseous leaving group during the 
chemisorption. The resulting mass gain (Mai in Figure 4.5b) corresponds to the mass 
of PDMAT molecules (401 g/mol) absorbing on the QCM crystal minus the HNMe2 
leaving groups (45 g/mol). For each PDMAT molecule, one or more side groups may 
react with the surface, resulting in a mass gain proportional to (401-45n), where n is 
the number of reacted dimethylamido ligands per PDMAT.
The subsequent ammonia exposure results in an average mass loss of 27 ng/cm2 
(Figure 4.5b) and corresponds to the transamination-like reaction of the remaining 
side groups (Figure 4.6). The completed ALD cycle gives an overall average mass 
gain of 86 ng/cm2 (Mao in Figure 4.5b), which corresponds to the mass of TaNx plus 
hydrogen related surface groups deposited on the crystal. MEIS measurements, which 
will be discussed below, show that the TaNx films deposited with ammonia are TaN 
(195 g/mol), therefore the ratio of Mi/Mq, is equal to (401-45n)/(195+n). From the 
QCM data for the ammonia process, we obtain a ratio of 113/86 = 1.31 for Mi/Mq. 
Hence the average number of leaving groups (n) during the chemisorption process is 
estimated to be 3.1. In other words, approximately three side groups react with the 
surface during the first half of the ALD cycle and the remaining two react with the 
ammonia dose during the second half of the process.
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Initial mass gain - M1
Overall mass gain - M0
Figure 4.6 One possible surface reaction that corresponds to the observed QCM mass gain 
and mass loss during the ALD using PDMA T and NH3.
In the deposition using MMH (Figure 4.5b), the mass gain during the PDMAT dose 
(Mhi) is 75 ng/cm , which is significantly lower than the ammonia process. The 
subsequent MMH dose is accompanied by a peak in the QCM data (Figure 4.5b). The 
peak is an artefact due to the pressure spike from the MMH dose. This has been 
illustrated in section 3.2.3 that an abrupt pressure change leads to false signals in 
QCM measurement and therefore, the peak associated with the MMH dose is an 
artefact. The crystal stabilizes within 20s after the MMH dose, which eventually leads 
to a mass loss of 20 ng/cm2, meaning that the overall average mass gain (Mho) per
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cycle is 55 ng/cm . The surface species left behind by the MMH exposures could 
range from low mass -NH groups up to higher mass -NMe groups, however, the low 
carbon incorporation in these films (Figure 4.8b) indicates that the latter is unlikely. 
Methylamino -NMe surface groups would have a similar acidity to the amide groups 
on the PDMAT, therefore, an exchange reaction is unlikely to occur and hence carbon 
incorporation would be expected to be high. The low carbon levels indicate that the - 
NMe groups are cleanly removed following the MMH dose. Hence, it is reasonable to 
assume that -NH surface groups are largely responsible for the chemisorption of 
PDMAT.
MEIS measurements show that the TaNx films deposited using the MMH process are 
TasNs (613 g/mol or 204.3 g/mol for each Ta atom), hence the ratio of Mi/Mo is equal 
to (401-45n)/(204.3+n). From the QCM data, we obtain a ratio of 75/55 = 1.36, and 
from this, estimate that n is 2.7. The lower initial mass gain and the slightly lower 
value of n obtained for the MMH process indicates that fewer surface sites are 
available for the chemisorption with MMH than with ammonia.
MMH molecules are significantly larger than ammonia molecules (Figure 4.7), with a 
van der Waals volume of 52.5 and 22.9 A3 respectively.[45] A larger molecule 
generally has a higher steric hindrance, which blocks the reaction site and prevents 
chemical reactions. This means less surface reaction sites would be available on the 
MMH terminated surface than the ammonia terminated surface, which is in a good 
agreement with the QCM results. Therefore, steric hindrance of the co-reactant plays 
a significant role in determining the number of available sites on the surface and 
hence the lower growth rates.
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Ammonia MMH
Figure 4.7 Molecular structures for ammonia and MMH; Blue, white and grey spheres 
represent nitrogen, hydrogen and carbon atoms respectively.
4.2.3 Chemical composition
In this study, the appearance of the film when viewed in transmission was found to 
vary depending on growth conditions - particularly the co-reactant used. Films grown 
on glass using MMH were observed to have a yellow appearance, while many of the 
films grown using ammonia were grey. A correlation between the colour and the 
conductivity was also noted, with grey films displaying good conductivity. The 
correlation between colour and composition of TaNx is well known, TaN and Ta2N 
have been reported to be grey [4], whereas Ta3N5 is yellow [5].
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Figure 4.8 MEIS depth profiles offilm deposited using PDMAT (6s) and either (a) 3s 
ammonia for 200 cycles or (b) 20ms MMHfor 250 cycles at 300°C. Data were taken for a
dose of 6/liC.
Selected films were analysed using MEIS to provide quantitative composition depth 
profiles and film densities. The energy-to-depth conversion was carried out using the 
stopping powers of He+ in TaN assuming a density of 13.7 g/cm3.121 Figure 4.8a 
shows the MEIS depth profile for a film deposited using the ammonia process at 
300°C (using 200 cycles with 6s PDMAT and 3s ammonia doses) and clearly shows 
tantalum, nitrogen and oxygen features. The tantalum and nitrogen feature spans over 
a thickness range of 12nm, and the Ta:N ratio is close to 1:1, which is in a good 
agreement with the stoichiometry of TaN. The surface oxygen feature in the top 4nm 
of the film can be attributed to post growth absorption of oxygen-containing species 
from air. Within the bulk of the film, at depths of 4-8nm, oxygen levels are in the 
noise of the signal, which indicating that there is less than 5 at.% oxygen. Based on 
the ellipsometry and MEIS derived thickness measurements,1461 the film density was 
estimated to be 11.3 g/cm3, which is -80% of the bulk density for TaN (13.7 g/cm3).
A MEIS profile (Figure 4.8b) was also obtained for films deposited using the MMH 
process (at 300°C using 250 cycles with 6s PDMAT and 20ms MMH doses).
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However, the films were found to be nitrogen rich with a Ta:N ratio of 1:1.6, which is 
in good agreement with the stoichiometry of TasNs. The film density was found to be 
9.8 g/cm3s and is close to the bulk density for TasNs. No carbon was detected in either 
sample by MEIS, which has a theoretical detection limit of ~2%J47-* The low carbon 
incorporation shows that the carbon containing groups in PDMAT have been efficient 
removed in the processes using both co-reactants. This can be attributed to 
transamination-like reactions^41,42' which exchanges an amide group with nitrogen co­
reactants and therefore, films with low carbon contamination have been deposited.
Co­
reactant
Temp.
(°C)
Density
(g/cm3)
Bulk film composition (at. %)
Ta N O C
Figure No. in 
Appendix I
Ammonia 200 9.6±1 37±1.5 36±8 27±5 BDL Figure 1
Ammonia 300 11.3±1 49±1.5 51±8 BDL BDL Figure 2
Ammonia 375 9.5±1 26±1.5 27±8 20±5 27±10 Figure 3
MMH 200 9.0±1 35±1.5 57±8 8±5 BDL Figure 4
MMH 300 9.8±1 384:1.5 62±8 BDL BDL Figure 5
Table 4.2 Summary of density and chemical composition for the films deposited using 
PDMAT (6s) with either ammonia (3s) or MMH (20ms) at the temperature range from 200 to 
375°C. The bulk film composition were quoted at a thickness range of 4-8nm. (BDL - below
the detection limit).
The effect of growth temperature on film composition and density using either 
co-reactants was also studied by MEIS. The results are summarised in Table 4.2 and 
the Figures are attached in appendix I, the bulk film composition is based on averaged 
data from 4-8nm depth range. For the films deposited with ammonia, the Ta:N ratio is 
almost independent of temperature and remains at 1:1. Carbon incorporation is below 
the detection limit at temperatures below 300°C, indicating complete ligand removal. 
However, carbon contamination increases to 27±10 at.% at 375°C, which is consistent 
with thermal decomposition of PDMAT.
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The oxygen impurity level is high at 200 and 375°C5 but is below the detection limit 
at 300°C. The minimal oxygen level at 300°C demonstrates that the reactor, carrier 
gas, precursor and ammonia contain negligible oxygen species and therefore, the 
oxygen detected in the films deposited at other temperatures is unlikely to be 
incorporated during deposition, but during post deposition exposures to air. The high 
oxygen content in the films grown at 200 and 375°C can be correlated to the lower 
film densities, which leads to deeper oxygen penetration into the film during post 
deposition exposure to air. It is postulated that the low density at 200°C is due to the 
insufficient reactivity of ammonia at this temperature, which is also indicated by the 
low growth rate at 200°C (Figure 4.1). A low growth rate indicates a poor reaction 
kinetics, which may give rise to dangling bonds and defects. Consequently, films with 
a low density were deposited. At 375°C, the incorporation of decomposed precursor 
by-products results in vacancies and reduced density.
For the MMH process, Ta:N ratio is also consistent at 200 and 300°C with a value of 
1:1.6. Although a trace level of oxygen (8±5 at.%) was observed in the films 
deposited at 200°C, the oxygen incorporation is significantly lower than those 
deposited with ammonia at the same temperature (27±5 at.%). This confirms that the 
films are more stable during post deposition exposures to air if they were deposited 
with the MMH rather than ammonia at 200°C. The ability of depositing good quality 
films at low temperatures is the advantage of the MMH process and is due to the high 
reactivity of the MMH, which has also been indicated by the growth results in Figure 
4.1.
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4.2.4 Electrical properties and crystallography
The resistivities of ~30nm thick films deposited on glass were studied using four- 
point probe measurements. A four-point probe result for TaN is shown in Figure 4.9. 
It can be seen that the voltage and current strictly follow a linear relationship. Highly 
repeatable resistance values have been obtained for all films.
Voltage (V)
0.10 —
0.05 --
Current (pA)
-0.05--
V/l = 5.0±0.3 Q
Figure 4.9 Four-point probe result for a film (~~31mn) deposited at 300°C with 6s PDMAT
and 12s ammonia doses.
The resistivity as a function of deposition temperature was investigated. Table 4.3 
summarizes the resistivity for films (~30nm) deposited at different temperatures with 
6s PDMAT and either 20ms MMH or 12s ammonia doses. Films deposited with 
ammonia have immeasurable resistivities at growth temperatures below 250°C. 
However, they became more conductive as the growth temperature increased, the 
resistivity was found to be 70±5 mQ.cm at 300°C and 20±1 mQ.cm at 350°C. The 
immeasurable resistivities at low deposition temperatures are due to oxygen ingress of 
the films. Ta205 is a good dielectric1231 and the resistivity of TaN films would be
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expected to increase if oxygen is added to the material. The resistivity at a deposition 
temperature of 300°C correlates with previously published values for TaNj40-* At a 
deposition temperature of 350°C, MEIS indicates high carbon incorporation and as a 
result, the resistivities are partly attributed to tantalum carbide, which is also a good 
conductor.1151
Growth temp. (°C)
Resistivity (O.cm)
MMH Ammonia
200°C Immeasurable Immeasurable
250°C 300±20 Immeasurable
300°C 4±0.3 0.070±0.005
350°C 0.120±0.008 0.020±0.001
Table 4.3 Electrical resistivity for the films (30nm) deposited at different temperatures 6s 
PDMATdose and either 20ms MMHor 12s ammonia doses.
The resistivities measured for the films deposited using MMH show a very similar 
trend. The resistivities were immeasurable at the growth temperature of 200°C but the 
films became more conductive at higher temperatures. The resistivity of films 
deposited at 300°C is ~4 H.cm and correlates well with the previous published values 
for TasNs^6-* At the highest temperature (350°C), the resistivity reduced significantly. 
This is believed to be a consequence of carbide formation when thermal 
decomposition of PDMAT takes place at this temperature.
Selecting the optimum growth temperature of 300°C, the effect of ammonia dose on 
the resistivity of films was investigated (Figure 4.10a). The resistivity decreases 
rapidly as the ammonia dose was increased, but as with the growth rate, it tends to 
saturate as the ammonia dose is increased above 6s. The resistivity reduces rapidly 
from ~1 flcm for 1.5s doses down to ~70 mU.cm for 12s exposures. The main factor 
affecting resistivity is believed to be film density, which increased from 11.3 to
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12.1 g/cm when the ammonia dose increases from 3 to 12s. This increase in density 
inhibits oxygen ingress into the films during post growth exposure to air and hence 
inhibits the formation of insulating oxide. It may also reduce the number of vacancy 
defects within the film and hence gives rise to higher carrier mobility. For the MMH 
process (Figure 4.10b), the resistivity also saturates with the increasing MMH doses 
with a saturated resistivity of 4 Q.cm.
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Figure 4.10 The electrical resistivity as a function of either (a) the ammonia dose or (b) the 
MMH dose at a deposition temperature of300°C using 6s PDMA T. The growth rate is also 
shown for comparison. The error on growth rate is ±0.03A/cycle, the error on resistivity
A p/p is ±7%o.
Although the resistivity of the most stoichiometric TaN films (70 mQ.cm) remains 
somewhat higher than published values obtained using PEALD,f48’ they are lower 
than previous thermal ALD studies and further improvements can be made using post 
growth heat treatments.1491 Previous ALD deposition experiments using PDMAT and 
ammonia reported insulating N-rich films,*38,431 the previous best results obtained by 
thermal ALD was the process using TBTDET and hydrazine, which has resulted in 
TaN resistivities of-200 mQ.cm.,4()|
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XRD results were obtained for the films (~100nm thick) deposited with both co­
reactants across the studied temperature range. The films were found to be amorphous 
below 250°C, however, as the growth temperature increases to 300°C, the films 
deposited with ammonia start to crystallize into a face centred cubic structure (Figure 
4.11). Films deposited using the MMH remained amorphous for all growth 
temperatures and may be attributed to the high nitrogen fraction, which is known to 
inhibit crystallisation of nitrogen rich TaNx sputtered films.1141 The amorphous nature 
of these films could be advantageous for diffusion barrier applications as grain 
boundaries promote diffusion.150,51]
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Figure 4.11 X-Ray di ffraction patterns for the films (lOOnm) deposited using PDMA T (6s) 
and either ammonia (12s) or MMH (20ms) at 300°C. The reference pattern for the (111) and 
(200) feature of cubic TaN (JCPDS card number 89-5196) is also shown with a space group
label of Fm-3m.
For the ammonia sample deposited at 300°C (Figure 4.11), two clear peaks were 
observed at 36.3° and 42.1°, which correspond closely with the (111) and (200) peaks
of fee TaN respectively (JCPDS card number 89-5196), indicating a polycrystalline
116
film with random orientations. The peaks are offset from the bulk reference pattern by 
0.4° indicating that the lattice parameter is slightly smaller (2.47A) than the bulk 
value of TaN (2.50A). One plausible explanation is the intrinsic stress, which is due to 
insufficient temperature and relaxation for the material to achieve a perfect crystal 
structure. It seems is very likely that an annealing process could improve the crystal 
structure. The crystallite size, estimated using the Debye-Scherrer method, is ~5nm. 
TaN films with a similar crystallite size have been previously deposited using 
CVD,[521 although they were polycrystalline, the Cu/TaN/Si structure was reported to 
be stable after 1 hour annealing at 550°C in hydrogen atmosphere.152* These films had 
significantly lower densities (7.2g/cm3) than the TaN films deposited in the current 
study (12.1g/cm3). Low density films have a large number of defects and voids, both 
of which can facilitate diffusion.*-53* Thus, the TaN films deposited in this study is 
expected to have a similar or better diffusion barrier property to the reference.[52*
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4.3 Summary
Thermal ALD of conductive TaN and insulating TasNs has been demonstrated using 
PDMAT with either ammonia or MMH respectively. Both processes exhibit good 
self-limiting behaviour, with growth rates of 0.6 and 0.4 A/cycle at 300°C for the 
ammonia and MMH respectively. Films deposited with ammonia at 300°C were found 
to be cubic TaN, with high conductivity (70 mQ.cm) and densities comparable to the 
bulk values. During this ALD process, tantalum must undergo a reduction reaction 
from Ta(V) to Ta(III) to form TaN. Ammonia is able to reduce PDMAT to produce 
TaN without the need for an additional reductant.
Although conductive TaN is currently preferred for the applications as diffusion 
barriers, the significance of the MMH process presented here, which produces TasNs 
should not be overlooked. This low temperature (200°C) MMH process, which is well 
within the processing temperature window required for microelectronics,131-1 produces 
amorphous films that are expected to be a better diffusion barrier than those deposited 
using ammonia at the same temperature.
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Chapter 5. Hafnium nitride
This chapter focuses on the investigation of nitride deposition using PEALD and its 
differences with thermal ALD. Thin films of hafnium nitride have been deposited 
using PEALD and compared with a thermal process. No previous report is available 
in the literature for such direct comparison, and the results presented here show that 
PEALD have some advantages to thermal ALD: PEALD allows the deposition of 
higher density films within a shorter cycle time by reducing the required purge length.
5.1 Introduction
Hafnium and tantalum are adjacent elements in period 6 of the periodic table. Their 
nitrides, HfNx and TaNx have very similar properties. HfNx has two stoichiometric 
forms, the mono nitride form, HfN, is a conductor,[1,2] whilst the nitrogen rich Hf3N4 
form is reported to be insulating [3'5] or semiconducting.|6,7J These stoichiometric 
nitrides have excellent thermal stability,*^ high resistance to oxygen diffusion,^ and 
they are chemically stable with respect to hafnium oxide,[10] which is currently being 
employed as the high-k dielectric material in CMOS devices. In addition, it is feasible 
to deposit both hafnium oxide and nitride in a two stage ALD process using a 
common organometallic precursor.L3,11] Stoichiometric HfN can exhibit very low 
resistivities (33|uQ.cm)[2] and could, therefore be used as a electrical contact material 
or as an interlayer between the gate oxide and gate metal to prevent inter-diffusion. In 
contrast, insulating Hf3N4 could be used as a dielectric material and also as a buffer 
layer between the high-k dielectric and the substrate to prevent oxidation of the 
silicon or inter-diffusion at the interface.
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Despite their potential uses in CMOS gate stacks, as well as other conceivable 
applications such as a adhesion layer1121 and hardness coating,[13] thin film HfNx has 
not been widely explored in the scientific literature. A handful of papers have reported 
more conventional methods of depositing HfNx films using techniques such as 
reactive magnetron sputtering,f7>l4’15], reactive-sputtering,[16] sputtering,tl7’18] chemical 
vapour deposition,[19'21] and pulsed laser deposition.[1] Deposition of Hf3N4 has been 
reported using thermal ALD with either tetralds(diemethylamino)hafnium 
(TDMAH)[31 or tetrakis(ethylmethylamino)hafnium (TEMAH),[22,23] and ammonia. 
Conductive HfN has been deposited using PEALD with TEMAH and Ar/H2 plasma. 
A mixed H2/N2 plasma has been used with TDMAH, where both HfN and Hf3N4 have 
been deposited by adjusting the H2 to N2 partial pressure.C24] Hf3N4 has also been 
deposited with TDMAH and pure N2 plasmaJ251 From the literature data, it is clear 
that both thermal and PE ALD process can deposit HfNx, however, the differences 
between these techniques remain unclear due to the lack of a systematic study. This 
has been investigated in the current work.
In this research, deposition was firstly carried out using thermal ALD with TDMAH 
and molecular ammonia, which resulted in films with a low density, and they were 
prone to oxidation during post-deposition exposure to air. Subsequently, deposition 
was carried out using PEALD with TEMAH and an ammonia plasma, the thermal 
process with molecular ammonia was also carried out for a direct comparison. The 
use of ammonia plasma has not been reported previously, and it has been found to 
produce films with a superior density than those deposited with molecular ammonia. 
The PEALD process also has an added advantage of shorter purge times, which 
significantly reduces the overall cycle length. Mass spectrometry indicates that these
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features are attributed to the reactive species involved in the PEALD process, namely 
hydrogen and nitrogen radicals.
5.2 Results and discussion
5.2.1 Thermal ALD of HfNx
Hafnium nitride films were deposited on 40x40mm square p-type Si(100) substrates. 
Thermal ALD study was conducted using an OpAL thermal ALD reactor with 
TDMAH and ammonia and the growth parameters are summarised in Table 5.1.
Reactor, leak rate 
and cleaning method
OpAL thennal ALD reactor, ImTorr/min, 1 hour Ar pump and
purge
TDMAH transport 
temperatures 40°C (bubbler) - 70°C (manifold) - 100°C (chamber walls)
Substrate
temperature 100-400°C
TDMAH doses 150sccm 0-ls
TDMAH purge 250sccm 12s
Co-reactant Without co-reactant Ammonia
Co-reactant doses N.A. 0-10sccm 1.5s
Co-reactant purge 250sccm 5-15s
Table 5.1 Growth parameters for the thermal ALD of HfNx using TDMAH with either 
ammonia or without any co-reactant.
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^>- with ammonia 
--o- without co-reactant
Temperature (°C)
Figure 5.1 Growth rate as a function of deposition temperature using 300 ALD cycles with 
0.5s TDMAH doses and either 2.5scctn ammonia doses or without any co-reactant. The
co-reactant purge length was 15s.
The effects of growth temperature (Figure 5.1) were investigated between 100 and 
400°C. The growth rates were corroborated using 300 ALD cycles with 0.5s TDMAH 
doses and either 2.5sccm ammonia or without any co-reactant. In the absence of a 
co-reactant, growth rate is close to zero below 300°C, but increases rapidly to 
1.1 A/cycle at 400°C. The near zero growth rate below 300°C shows that the current 
experimental setup meets the basic requirement for nitride deposition, namely, an 
environment that is free of reactive oxidant. Any oxidant, such as oxygen or water, 
would lead to oxide reactions with TDMAH and result in non-zero growth rates at 
these temperatures.*11^ This is not observed in the current study and therefore, the 
reaction chamber and carrier gases contain negligible oxidant. The high growth rate 
above 300°C indicates that TDMAH suffers from thennal decomposition, and is
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consistent with the previous PEALD of hafnium nitride using TDMAH and N2 plasma 
reported by Jeong et al J25^
For the films deposited with ammonia (Figure 5.1), a stable growth rate of 
~0.9 A/cycle was observed at temperatures between 100 and 300°C, providing an 
ALD temperature window. The growth rate, increases again at temperatures higher 
than 300°C due to the thermal decomposition of TDMAH. The observation of an 
ALD window is consistent with the previous ALD deposition of HfNx using TDMAH 
and ammonia.1-3-1
Selecting the optimal temperature of 300°C, which provides the most thermal energy 
to the nitridation reaction within the ALD window, the effects of the TDMAH dose 
(Figure 5.2) were investigated. The films were grown using 100 ALD cycles with 
5seem ammonia doses and either 5 or 15s co-reactant purge. With a co-reactant purge 
length of 5 s, the growth rate increases dramatically from 0 to 2 A/cycle at TDMAH 
doses of 0.2-0.65s, showing that the growth rate is not saturative, but is dependent on 
the total flux of TDMAH molecules. This is due to an insufficient co-reactant purge 
length, which leads to an incomplete removal of reaction by-products and excessive 
co-reactant molecules in the chamber. These chemical species react with TDMAH in 
the gas phase during the subsequent ALD cycle, resulting in a gas phase CVD-like 
deposition rather than a saturative one. With an extended purge length of 15s 
(Figure 5.2), the growth rate clearly becomes self-limiting. After the initial increase 
from 0-0.9 A/cycle between 0 and 0.5s, the growth rate plateaus at -1 A/cycle for 
longer doses, showing good self-limiting behaviour; this is consistent with the 
previous ALD depositions of HfNx using TDMAH and ammonia.[3]
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--o- 5s purge 
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TDMAH dose (ms)
Figure 5.2 Growth rate as a function of TDMAH dose for the ALD deposition at 300°C using 
100 ALD cycles with 5sccni ammonia doses. The effect of co-reactant purge length was
investigated at 5 and 15s.
Ammonia dose (seem)
Figure 5.3 Growth rate as a function of ammonia dose for the ALD deposition at 300°C using 
100 ALD cycles with 0.5s TDMAH and 15s co-reactant purge.
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The ammonia co-reactant also displays a good self-limiting behaviour. Figure 5.3 
shows the change of the growth rate when varying ammonia doses from 0-10sccm 
with 0.5s TDMAH doses and a 15s co-reactant purge. The growth rate initially 
increases from 0-0.9 A/cycle between 0-2.5sccm ammonia doses and then saturates at 
~1 A/cycle, providing good self-limiting behaviour.
Hafnium
Silicon
Nitrogen(fit)
Oxygen(fit)
Density=10.3 g/cm
0 2 4 6 8 10 12
Surface Thickness (nm) Substrate
Figure 5.4 The MEIS depth profile of a film deposited using 110 cycles of 0.6s TDMAH, 
5sccm ammonia and 15s co-reactant purge at 300°C. Data were gathered for a dose of 6pC.
The chemical composition of the films were analysed by MEIS. All energy-to-depth 
conversion in this chapter was carried out using the stopping powers of He+ in HfN 
with a density of 13.8 g/cm3.*26* Figure 5.4 shows a MEIS depth profile for a film 
deposited at 300°C using 110 cycles of 0.6s TDMAH and 5sccm ammonia. Hf, N, O 
were detected, however, no carbon was seen with a practical detection limit of -10%. 
Both hafnium and nitrogen features are present over a thickness range between 0 and 
8nm, the Hf:N ratio was found to be 0.6, which disagrees with both stoichiometric
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phases of HfN and HfsN^ The oxygen content was found to be high near the film 
surface but gradually decreases towards the film bulk. The density of the film was 
found to be -10.3 g/cm3, and is -70% of the bulk density (13.8 g/cm3). This is 
considered to be a low density for thin films1271 and is largely responsible for the 
observed oxygen incorporation as discussed below.
The shape of the oxygen feature indicates that the film suffered from oxygen ingress 
during post-deposition exposure to air. If the oxygen was incorporated during the 
ALD deposition, the oxygen signal in MEIS would distribute uniformly throughout 
the film, which is not observed and hence is less likely the case. The low nitrogen 
incorporation compared with hafnium shows that the film is non-stoichiometric, 
which can be attributed to partial oxidation of the film when exposed to air. 
Consequently an intermixture of hafnium oxynitride (HfNxOy) was formed near the 
surface. This oxidation is largely attributed to the low density. A low density film 
means a higher number of defects in the layer, previous study has argued that the 
metal to nitrogen bonds are particularly weak at these defects, which can give rise to 
oxidationThe correlation between oxidation rate and film density has been 
previously studied for TiN films deposited by sputtering, where the film density was 
controlled by growth conditions^27’28-* These papers show that at room temperature, 
the oxidation rate of TiN films (60-200nm) varies correspondingly to the film density, 
with lower density films more prone to oxidation.t27,28] The films in the current study 
were exposed to air several days prior to the MEIS characterisation and therefore can 
be oxidised during this period.
129
Depth (nm) Hf
Composition (at.%)
N O C
0 23 3 64 10
8.5 30 25 39 6
25.5 37 48 5 10
Table 5.2 AES composition for the film (~30nm) deposited by thermal ALD with 300 cycles of 
0.6s TDMAH, 5seem ammonia and 15s co-reactant purge at 300°C.
In order to extract the nitride stoichiometry in the bulk part of the film, thick samples 
were prepared and analysed by AES (Table 5.2). AES experiment was carried out by 
Gary Critchlow at Loughborough University for the film (30nm) deposited at 300°C 
using 300cycles with 0.6s TDMAH and Sscccm ammonia doses. Hf, O, N, and C 
were detected. The oxygen incorporation is high near the surface but decreases to 
~5% at a depth of ~25nm. The nitrogen incorporation is low near the surface but 
increases towards the film bulk, at a depth of ~25nm the Hf:N ratio found to be 
-1:1.3, which is in a good agreement with the nitrogen rich, Hf3N4 stoichiometry. 
This shows that the film has suffered from oxygen ingress during post-deposition 
exposure to air, and a layer of oxynitride has been formed near the surface, in a good 
agreement with MEIS. AES also detected a level of carbon contamination (-10%), 
which can be attributed to an incomplete reaction between TDMAH and ammonia, a 
trace level of carbon rich ligands can be trapped in the films. These ligands occupy 
extra space and are also partly responsible for the observed low density. Both carbon 
incorporation and low film density indicate that the surface reaction between 
TDMAH and ammonia is not optimum for the deposition of high density films. 
Further studies using alternative co-reactants with a superior reactivity to ammonia 
are required.
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5.2.2 Thermal vs. plasma enhanced ALD
PEALD provides highly reactive radicals and supplies additional energy to ALD 
surface reactions,|2 )| which may overcome the limitations of thermal ALD processes 
using co-reactants such as ammonia. In the following section, a comparison was made 
between thermal and PE ALD. Films were deposited on 100mm diameter P type 
Si(100) substrates. Deposition was carried out using a FlexAL plasma ALD reactor 
with TEMAH and either molecular ammonia or an ammonia plasma. TEMAH was 
used instead of TDMAH due to the availability. Previous study using TEMAH show 
that the optimum deposition temperature is 300oCt3()| and this was adopted in the 
current study. All growth parameters are summarised in Table 5.3, chamber pressure 
in FlexAL was maintained at 40mTorr by a butterfly valve. Growth rates were 
corroborated from the thickness of the films deposited using 300 ALD cycles.
Reactor, leak rate 
and cleaning method
FlexAL plasma ALD reactor, ImTorr/min, 5 minutes Ar pump
and purge
TEMAH transport 
temperatures 80°C (bubbler) - 120°C (manifold) - 150°C (chamber walls)
Substrate
temperature 300°C
TEMAH doses 250sccm 0-1.2s
TEMAH purge 250sccm 5s
Co-reactant Molecular ammonia Plasma ammonia
Co-reactant doses lOsccm 3s 0-30sccm 3s 400W
Co-reactant purge 250sccm 15s 250sccm 5s
Table 5.3 Growth parameters for the depositions of HfNx using thermal and PE ALD with 
TEMAH and either molecular ammonia or an ammonia plasma.
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5.2.2.1 Growth characteristics
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Figure 5.5 Thickness measured at multiple points of FIfNx films deposited on a 100mm 
diameter silicon substrate using 300 ALD cycles ofTEMAH (Is) and molecular ammonia 
(lOsccm 3s) with either 5s or 15s purge.
The effect of co-reactant purge time (either 5 or 15s) was investigated using the 
processes with TEMAH (Is) and either an ammonia plasma (lOsccm) or molecular 
ammonia (lOsccm). In thermal ALD (Figure 5.5), a 5s purge results in films with poor 
uniformity (87±1%) and a high growth rate. The growth rate was found to be 
1.3 A/cycle, and is significantly higher than the saturated growth rate of ~1 A/cycle 
(Figure 5.8). This shows that a 5s purge is insufficient to separate precursor and co­
reactant doses, leading to gas phase CVD-like reactions and resulting in a high growth 
rate with poor uniformity. With an extended purge of 15s (Figure 5.5), the growth rate 
reduces to ~1 A/cycle and the uniformity improves to 94±1%, showing that the 
deposition is driven by self-limiting surface reactions. It is worth noting that this
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observation is similar to the thermal ALD process using TDMAH and ammonia 
(Figure 5.2) that a long purge length is required to achieve self-limiting behaviour.
In PEALD by contrast, a 5s purge is sufficient to achieve self-limiting deposition with 
a growth rate of ~1 A/cycle and a film uniformity of 95±1%. These results confirm 
that by changing the nitrogen co-reactant from molecular ammonia into an ammonia 
plasma, the required purge time tor self-limiting growth has been significantly 
reduced. The reason was investigated using in-situ gas phase analyses by mass 
spectrometry.
No plasma 
300W plasma
0 2 4 6 8 1012141618202224262830
Mass (amu)
Figure 5.6 Mass spectrometry results of a continuous ammonia flow (lOsccm) with and
without 300Wplasma power.
Mass spectrometry was used to compare the gas phase composition of plasma 
ammonia and molecular ammonia. The ammonia flow rate was maintained at 1 Osccm 
and the plasma power was increased from 0 to 300W. Figure 5.6 shows the spectra
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obtained for the ammonia with and without 300W plasma power, peaks at the mass 
1(H), 2(H2), 14(N), 15(NH), 16(NH2), 17(NH3), 18(l5NH3/H20) and 28(N2) were 
detected. The intensities of these peaks as a function of the plasma power are shown 
in Figure 5.7.
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Figure 5.7 Mass spectroscopy peak intensities recorded for the mass 1(H), 2(H2), 14 (N),
15(NH), 16(NH2), 17(NH3), IS^'NHfHiO) and 28(N2) as a function of the plasma power.
From Figure 5.7, it is clear that increasing plasma power results in decreasing 
intensities for ammonia related species (NH3, NH2, NH and l5NH3), and increasing 
intensities for both hydrogen (H and H2) and nitrogen (N and N2) related species. In 
mass spectrometry, if the pressure is maintained constant, the peak intensity is 
proportional to molecule/atom quantity. Therefore, the observed results are 
interpreted as a decomposition of molecular ammonia by the plasma energy, forming 
nitrogen and hydrogen radicals. These radicals are very reactive and tend to 
recombine into molecules once they left the inductively coupled plasma chamber.13'1 
In an ALD cycle, while a fraction of these radicals participate in the surface reactions 
with TEMAH and form nitride, the majority of radicals recombine into H2 and N2
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molecules. They are believed to be chemically inert to TEMAH at 300°C and 
therefore, the purge length in the PEALD process could be dramatically reduced. For 
this reason, a purge length of 5s was chosen in the rest of the study when using 
PEALD for the deposition of HfNx.
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Figure 5.8 Growth rate and film uniformity as a function of TEMAH dose when using 300 
ALD cycles with Wsccm plasma ammonia doses at 300°C.
To study the self-limiting behaviour, the effect of the TEMAH dose was investigated 
using 300 ALD cycles with lOsccm plasma ammonia doses (3s). The growth rate, as 
shown in Figure 5.8, increases from 0 to 0.9 A/cycle between 0 and 0.8s, and plateaus 
above 1 A/cycle. In addition, the film uniformity shows a similar trend, improving 
from 81% to 92% between 0.3 and 0.8s doses, further plateaus at 95%. These results 
confirm that TEMAH is a good self-limiting precursor for ALD. The growth rates for 
thermal and PE ALD using Is TEMAH and lOsccm ammonia are very similar; with a 
growth rate of ~1 A/cycle.
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Figure 5.9 Growth rate aridfilm uniformity as a function ofplasma ammonia dose when 
using 300 ALD cycles with Is TEMAH doses at 300°C.
The effect of ammonia plasma doses was also investigated by varying the ammonia 
flow rate at a fixed 3s dose using 300 ALD cycles with Is TEMAH doses (Figure 
5.9). After the initial increase, the growth rate reaches 1 A/cycle at lOsccm doses and 
slowly rises to 1.2 A/cycle at 30sccm doses. Similar behaviours of this slow increase 
within the saturation region has also been observed in the hafnium oxide ALD study 
using TEMAH and either H2O or ozone.1"1 Although no explanation was provide in 
this literature, some insights were raised by the change of uniformity in the current 
study. The uniformity (Figure 5.9) ascertained by ellipsometry, is 94% at lOsccm but 
decreases to 92% at 30sccm. The increasing growth rate and decreasing uniformity 
are indicative of insufficient purging at higher ammonia doses. There could be 
residual reactive species in the gas phase that combine with the subsequent pulse of 
TEMAH, resulting in higher growth rate and reduced uniformity. However, because a 
good uniformity has been achieved at low doses, this was not investigated further, and
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a flow rate of lOsccm ammonia was chosen for the comparison between thermal and 
PE ALD.
S.2.2.2 Composition analysis
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Figure 5.10 MEIS depth profiles for the films deposited using 100 cycles with Is TEMAH and 
either (a) lOsccm plasma ammonia or (b) lOsccm molecular ammonia at 3001’C.
Selected films were characterised using MEIS and TEM to investigate the chemical 
composition and to extract film density. Figure 5.10 (a) shows the MEIS depth profile 
for a film deposited using 100 cycles with Is TEMAH and lOsccm plasma ammonia 
at 300°C. Hafnium, nitrogen and oxygen signals were detected, no carbon was seen 
with a detection limit of ~10%. The hafnium and nitrogen features are present from 0 
to 8nm with a Hf:N ratio close to 1:1.3, which is consistent with the stoichiometry of 
Hf3N4. The oxygen content is high near the surface (0-4nm); however, it decreases 
dramatically into the film bulk; at a depth of 6nm, the oxygen signal is close to the 
background noise, meaning that the oxygen incorporation is below ~5 at.%. At a 
depth of lOnm, the signal rises again and this is due to the oxygen content from the
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Si02 layer on the Si substrate. The density of this film was found to be 11.6±1 g/cm3, 
which is 84% of the bulk density (13.8 g/cm3).
Figure 5.10 (b) shows the MEIS depth profile for a film deposited using 100 cycles 
with Is TEMAH and lOsccm molecular ammonia at 300°C. Hafnium, nitrogen and 
oxygen were evident in the layer again. The hafnium and nitrogen signals were 
detected at 0-8nm, however, the nitrogen content is significantly lower than the film 
deposited with plasma. The oxygen signal, by contrast, is seen across the entire depth 
of the film; the oxygen content is high near the surface, but gradually decreases 
towards the film bulk. The low nitrogen and the high oxygen content is attributed to a 
low film density, which was found to be 9.7 g/cm3 and is -70% achievement of the 
bulk density (13.8 g/cm3). This is similar to the film deposited using thermal ALD 
with TDMAH and molecular ammonia (Figure 5.4). As explained in section 5.2.1, the 
low density leads to oxygen ingress when the film was exposed to air, and in this 
particular case, the oxygen has completely penetrated to a depth of 8mn. The film 
deposited using PEALD show an oxygen penetration of only -4nm, and is attributed 
to its high density.
It is clear that PEALD yields higher film density compared with thermal ALD, which 
has also been observed in the previous PEALD studies of Ta205[32] and Hf02.[33] This 
can be attributed to the extra kinetic energy of the adsorbate species generated by the 
plasma discharge. First principle calculations have been used previously to compare 
the ammonia plasma and molecular ammonia processes. The analysis shows that the 
reaction between metal precursors and an ammonia plasma is spontaneous; however, 
the reaction with molecular ammonia requires external energy,[29] in the present case, 
the thermal energy. In PEALD, the radical forms of hydrogen and nitrogen are more
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reactive than molecular ammonia, providing a more favourable reaction kinetics with 
TEMAH. A more favourable reaction kinetics may enhance the mobility of surface 
species for them to find the most vacant site during reactions. If the mobility of the 
surface species is insufficient in thermal ALD, they may block reaction sites and give 
rise to defects, which reduce the overall density. Furthermore, because radicals have 
smaller sizes than molecular ammonia, they may lead to a surface with denser 
reaction sites, which facilitates a closer packing density of chemisorbed TEMAH 
molecules, improving the film density.
The refractive index (A,=632.8nm) of films (~30mn) deposited using an ammonia 
plasma was found to be 2.40±0.05, which is higher than those deposited using 
molecular ammonia with a refractive index of 2.13±0.05. The higher refractive index 
may be attributed to a higher film density, since there are more materials to give 
polarizibility. It may also be attributed to low oxygen incorporation in the PEALD 
films. In transition metal oxynitrides, the refractive index is expected to decrease 
when nitrogen atoms are substituted by oxygen.[34] The polarizability of metal-oxygen 
bonds tends to be higher than that of metal-nitrogen bonds, leading to a lower 
polarizability of the metal-oxides and thus a lower refractive index.[34] A similar 
decrease in refractive index has also been observed in the deposition of Hf3N4 and 
Zi'3N4 when oxygen is incorporated in the films.C3,35]
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S.2.2.3 Microstructure and electrical properties
The microstructure of the films deposited using both thermal and plasma process was 
investigated using XRD and TEM. X-ray diffraction analysis of all films shows the 
absence of any diffraction features, indicating that they are effectively amorphous. 
However in XRD, the insensitivity of the equipment can also cause the absence of 
diffraction peaks and to disprove this, the nitride films deposited using molecular 
ammonia were annealed in air at 800°C for 10 minutes. Given sufficient temperature 
and an oxygen rich environment, the film was converted into Hf02 with a monoclinic 
structure as illustrated in Figure 5.11. This shows that the diffractometer was sensitive 
to crystal structure and the as-deposited nitride films are effectively amorphous.
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Figure 5.11 XRD for the as-deposited film prepared using Is TEMAH with Wsccm molecular 
ammonia and after air anneal at 800°C, a monoclinic Hf02 reference spectrum was also
given (PJ21/C1)J36J
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The amorphousness was also confirmed by TEM, and a dark-field micrograph for the 
film deposited using 300 cycles with TEM AH (Is) and molecular ammonia (lOsccm) 
is shown in Figure 5.12. The film has a featureless microstructure, and no crystalline 
structure is evident. The same TEM results have also been observed with the films 
deposited using PEALD (Not shown). For the films to be used as a diffusion barrier, 
an amorphous microstructure is preferred to a polycrystalline one, because diffusion 
and current leakage can occur along grain boundaries.1371
Glue
___ ^ HfN 24±1 nm
Figure 5.12 A TEM micrograph for the film deposited using 300 cycles ofTEMAH (Is) and
molecular ammonia (lOsccm) at 300°C.
All four-point probe measurements for the films (30nm) on P-type silicon result in 
immeasurable voltage using the current ranging from 2 nA to 2 mA. This confirms 
that all films deposited are insulators and have successfully functioned as a dielectric 
to stop current flow in the silicon substrate, which is expected with the Hf3N4 
stoichiometry.131 The insulating nature of the films may also be attributed to oxygen 
ingress because HfOxNy is also a good dielectric.1381
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S.2.2.4 Thermal stability
In the manufacture of electronic devices, post-deposition annealing is often employed 
to reduce defects, improve physical properties and therefore enhance layer 
functionalities. For hafnium nitride, the film can be used as a diffusion barrier.1 This 
requires the layers to be thermodynamically stable in contact with silicon at high 
temperatures, and ideally with interconnect materials such as copper and nickel as 
well. In this work, the stability of PEALD films on silicon was analysed.
MEIS was used to study the thermal stability of Hf3N4. Firstly, a film deposited at 
300°C using 100 cycles with Is TEMAH and lOsccm plasma ammonia was 
characterised; the film was then annealed in the MEIS sample transfer chamber 
(lxl0'9mbar) for 10 minutes at temperatures of 500, 600, 700 and 800°C. A MEIS 
spectrum was recorded at each annealing stage.
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Figure 5.13 The MEIS spectrum for the as-deposited film using 100 cycles with Is TEMAH 
and lOsccm plasma ammonia at 300,,C and after in-situ annealing at 500,600,700 and 800°C. 
The spectra are displayed in (a) low and (h) high energy’ ranges due to high scattering yield
for hafnium.
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Figure 5.13 shows the MEIS spectra of as-deposited and annealed films. At the high- 
energy end of each spectrum (Figure 5.13b), the hafnium signal is observed. The front 
edge of this feature is near 192keV, and represents the surface of the film; the back 
edge for each annealing temperature is between 182 and 185keV, and represents the 
interface between Hf3N4 and Si02. With increasing annealing temperature, it is clear 
that the width of the hafnium feature reduces, and the scattering counts increase. This 
confirms that the film thickness is physically reducing; however, the number of 
hafnium atoms that occupies a unit area is increasing, meaning that the film is 
undergoing a densification process. The thickness determined by MEIS reduces from 
8.8 to 7.5nm; and the film density increases from -11.6 to -12.8 g/cm3, achieving 
-92% of the bulk density (13.8 g/cm3). The significance of the results, however, is not 
the evidence of densification, but rather the confirmation that little, if any, 
inter-diffusion occurs between hafnium and silicon. At the energy between 180 and 
185keV, the hafnium back edges can be seen, and the gradient of this feature 
represents the Hf-Si interface quality. If any diffusion occurs, then this gradient will 
decrease. However, it remains identical across the annealed temperature range, and 
confirms that no effective inter-diffusion occurs between hafnium and silicon up to 
800°C within the detection limit of MEIS. Therefore, the Hf3N4 thin films deposited 
using PEALD are thermodynamically very stable with respect to silicon up to 800°C 
after 10 minutes annealing.
At low energies (Figure 5.13a), however, oxygen migration was observed. The low 
end of the spectra remains identical up to 600°C; but at 700°C, oxygen from the 
surface (120keV) and the SiCh interface (114keV) start to move towards the film 
bulk; the diffusion is more evident at 800°C, causing a decrease of nitrogen content 
and an increase of oxygen content within the film bulk. Oxygen is more
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electronegative than nitrogen and consequently, it migrates easily in the film when the 
annealing temperatures are sufficient,[38,39J However in a real device, this is less likely 
to occur, because surface cleaning and device packing can be employed to eliminate 
both interface and surface oxygen
XRD of the films annealed in vacuum up to 800°C displayed no diffraction pattern, 
indicating that these films retain an amorphous microstructure after annealing up to 
800°C. This property is highly desirable from the application point of view, and 
confirms that the process reported in this study has potential to be employed in the 
manufacture of electronic devices.
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5.3 Summary
To summarise, a direct comparison has been made between thermal and PE ALD 
processes using TEMAH precursor with either molecular ammonia or an ammonia 
plasma. Self-limiting behaviour has been observed for both TEMAH and ammonia 
half-reactions. Some advantages were found for the PEALD compared with the 
thermal ALD process: PEALD allows shorter purge time, which significantly reduces 
the cycle length; PEALD also results in higher film density. The densities of the films 
deposited by PEALD and thermal ALD are 11.6 and 9.7 g/cm3 respectively. In-situ 
mass spectrometry measurements have indicated that these process characteristics are 
attributed to the nature of the co-reactants, namely, radicals of hydrogen and nitrogen 
in the case of PEALD. The reactivity and the short life time of these radicals are 
responsible for the observed advantages using PEALD.
All films deposited in the current study are amorphous. The films deposited by 
PEALD have a density of 11.6 g/cm3 and post-deposition vacuum annealing has been 
exploited to increase the density to 12.8 g/cm3. The films remain amorphous and 
stable with no inter-diffusion to silicon up to 800°C, making them a good candidate 
for diffusion barrier applications.
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Chapter 6. Gadolinium nitride
This chapter reports on a pioneering search for the ALD deposition of gadolinium 
nitride. This material has potential applications in spintronic devices. Gd nitride is 
very difficult to synthesise and previous studies have shown that it can convert to 
oxide when exposed to air at ambient temperature. ALD deposition of such 
challenging materials has not been previously reported. The current study investigates 
both thermal and PE ALD processes for the deposition of gadolinium nitride films. 
Gd nitride films with a 1:1 Gd:N ratio and low oxygen and carbon incorporation were 
successfully deposited.
6.1 Introduction
Spintronic devices are strong candidates for the next generation of logic devices. They 
exploit the spin of the carriers as well as their charge to register ‘on’ and ‘off binary 
states. A major challenge in integrating spin-based devices with charge-based ones is 
to find suitable materials that are both ferromagnetic and semiconducting. This 
criterion has to be attained in order to enable an efficient injection of spin-polarized 
carriers into semiconductors.^1-' Rare-earth (RE) nitrides are potential candidates for 
this purpose. Their magnetic property arises from the highly localized and 
progressively filled 4/electron shell of RE metals across the period, which is also true 
of RE compounds.|2] Amongst the RE nitrides, gadolinium mono-nitride (GdN) has 
been the most thoroughly studied since the late 60’s. Historically, there have been 
conflicting and contradictory reports on the magnetic13'61 and electrical17,81 properties 
of GdN. This was partially due to poor sample preparation techniques, which give rise 
to defect and impurity in GdN films or non-stoichiometric material. However, GdN
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has now been widely accepted to be both ferromagnetic^3"6^ and semiconducting 
GdN has a Curie temperature of ~70K and a large magnetic moment of 7 Bohr 
magnetons (jub) per Gd3+J12,13-* Recent measurements have also revealed the 
semiconductor nature of GdN, which has a narrow band gap both below and above its 
Curie temperature.[14] These findings encourage further exploration of GdN and 
processes for integrating it with current semiconductor technology. Establishing an 
ALD deposition process that is capable of incorporating GdN within current VLSI 
fabrication schemes represents a significant advance in the field.
The deposition of GdN is challenging due to the high affinity of gadolinium to 
oxygen. Gerlach et al. show that a 55nm GdN film can convert to oxide when exposed 
to air at ambient temperature within a few tens of seconds.[I5] Oxygen contamination 
largely inhibits the ferromagnetic properties of GdN,[ 16,171 therefore, it is of utmost 
importance to grow films with high purity and to avoid post-growth oxidation. GdN 
has previously been deposited by MBE,[15’18] PVD,[19’20] and PLD.[10] In addition, GdN 
CVD has also been recently reported by two groups, one using GdCl3 and NH3 at a 
deposition temperature of 1000°C,[213 and the other using single source CVD with a 
gadolinium guanidinate precursor at 850oC.[22] In comparison with these deposition 
techniques, ALD offers lower deposition temperature, high conformability, large area 
uniformity and sub-nanometer thickness control.[23,24] To date, there has been no 
previous ALD study of any RE nitride.
Precursors - Suitable precursors for CVD or ALD of any rare-earth films are 
currently very limited and for nitride growth, this selection is further restricted. The 
precursors must not only be volatile to enable transport, but they must also be oxygen- 
free, both in terms of purity and ligand structure. Any oxygen source within the
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reactor during growth can lead to preferential oxidation reactions and hence high 
levels of oxygen incorporation. The simple RE alkylamides Ln(NR2)3 are unstable 
and involatile, hence they cannot be usedJ25-* However, a number of oxygen-free RE 
precursors, including cyclopentadienyls (Cp),[26] silylamides (N(SiR3)2),|27] and 
amidinate-based (amd)^ precursors have been developed and reported for the 
deposition of RE oxides. For example, GdiOs was deposited with 
tris(methylcyclopentadienyl)gadolinium,[26] Gd(MeCp)3; and PrOx was deposited with 
tris(silylamide)praseodymium,[27] Pr{N(SiMe3)2}3, although in the latter case, silicon 
impurities were found in the bulk of the film. Yttria (Y2O3) has also been deposited 
with tris(yV,A^-diisopropylacetamidinate)yttrium,[28] Y(1Pr2amd)3. Gd sources based on 
these ligand structures could be suitable for GdN ALD, subject to their reactivity with 
nitrogen co-reactants.
In this study, Gd(MeCp)3 was employed because of its high volatility. This precursor 
has previously been used for the deposition of Gd203 by ALD, and although it does 
not fully self-limit due to thermal decomposition, it can still produce high quality 
films with good uniformity.[26] In the current study, the oxide process was firstly 
repeated to establish the precursor transport parameters. For the nitride, a 
comprehensive investigation using both thermal and PE ALD was conducted. In 
thermal ALD, either ammonia or MMH was used as the nitrogen co-reactant and the 
results show that they are not suitable for use with the Gd(MeCp)3. In PE ALD, both 
H2/N2 mixed plasma and N2 plasma were investigated; the latter case produced GdN 
thin films with low oxygen incorporation. Therefore, the Gd(MeCp)3 work mainly 
focuses on the GdN PEALD process using N2 plasmas. The growth behaviour was 
investigated by varying deposition parameters. The film composition, microstructure 
and surface morphology were characterised using MEIS, AES, XRD and AFM
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respectively. GdN films with a 1:1 Gd:N ratio, low oxygen and carbon incorporation, 
amorphous microstructure, and smooth surface have been deposited.
The thermal ALD process with Gd{N(SiMe3)2}3 and MMH was also investigated. 
Despite the fact that oxygen and silicon incorporation was detected in the films, the 
study shows that Gd{N(SiMe3)2}3 is a self-limiting precursor and there is a reaction 
between Gd{N(SiMe3)2}3 and MMH. The oxygen source is identified to be the THF 
used during the precursor synthesis and it is anticipated that further work in precursor 
development is required. If the pure Gd{N(SiMe3)2}3 can be made, the process 
reported here may deposit GdSixNy.
6.2 Results and discussion
6.2.1 Gd(MeCp)3 thermal ALD
Films were deposited on 50x50mm P type Si(100) substrates used as-supplied without 
any additional surface preparation. Consequently the wafer surfaces consist of a ~20A 
thick native oxide. The deposition of Gd-based materials using thermal ALD with 
Gd(MeCp)3 (supplied by SAFC-Hitech) and either de-ionized water, ammonia, or 
MMH were carried out in an OpAL thermal reactor and the growth parameters were 
summarised in Table 6.1. The growth rates presented in this chapter were all 
coiToborated from the films deposited with 300 ALD cycles. Since rare-earth nitrides 
are highly susceptible to oxidation even at room temperature^15^ films were capped 
with a protective TaN layer. The TaN cap layers were deposited at 300°C using 300 
ALD cycles with PDMAT and ammonia (lOsccm). The {PDMAT dose - purge - 
ammonia dose - purge -} pulse sequence were {6s - 5s - 6s - 5s These parameters
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have been optimised for the deposition of high quality TaN layers as demonstrated in 
Chapter 4.
Reactor, leak rate 
and cleaning method
OpAL thermal ALD reactor, ImTorr/min, 1 hour Ar pump and
purge
Gd(MeCp)3
transport
temperatures
135°C (bubbler) - 140°C (dosing pipes) - 140°C (chamber walls)
Substrate
temperature 150-300 °C
Gd(MeCp)i doses 150sccm 2s
Gd(MeCp)j purge 250sccm 3s
Co-reactant Withoutco-reactant Water Ammonia MMH
Co-reactant doses N.A. 20msvapour draw 1 Osccm 6s
20ms
vapour draw
Co-reactant purge 250sccm 3s
Table 6.1 Growth parameters for the deposition of Gd-based oxide and nitride using thermal 
ALD with Gd(MeCp)i and either water, ammonia or MMH.
Oxide - The Gd203 process using Gd(MeCp)3, reported by Niinistd et al.,[26] was 
repeated in the current study to establish the precursor transport conditions. Films 
were deposited at temperatures between 150 and 300°C using Gd(MeCp)3 and either 
20ms water doses or without any co-reactant. In the absence of a co-reactant, growth 
rate increases in a linear fashion with temperature (Figure 6.1), indicating that the 
Gd(MeCp)3 suffers from thermal decomposition within this temperature range. This is 
consistent with previous work,[261 where Gd(MeCp)3 was used as a source for Gd203 
ALD and no clear ALD temperature window was observed. The growth rate of films 
deposited with water is also shown in Figure 6.1. The growth rate has values of 
-0.24-0.58 A/cycle for the temperature range 150-300°C and is consistently higher
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than the growth without any co-reactant, indicating a reaction between Gd(MeCp)3 
and water.
“O with water 
- -- without co-reactant
200 250
Temperature (°C)
Figure 6.1 Growth rate as a function of growth temperature for the ALD deposition using 
Gd(MeCp)i with either water or without any co-reactant.
MEIS was used to confirm the chemical composition of films deposited with water. 
Figure 6.2 shows the MEIS depth profile of a film deposited with Gd(MeCp)3 and 
water at 250°C using 300 ALD cycles. The energy-to-depth conversion was carried 
out using the stopping powers of He+ in Gd203 (bulk density 7.1 g/cm3).l29] 
Gadolinium and oxygen were detected and the ratio of Gd:G was found to be -1:1.5, 
which is in a good agreement with Gd203. Combined with the ellipsometry thickness 
measurement, the actual film density was estimated to be 5.8±1 g/cm3, which is 
considered as a reasonable value since thin film densities are often smaller than the 
bulk value (7.1 g/cm3).l29] XRD (Figure 6.3) shows that the films deposited with water 
are cubic Gd2G3i which is in a good agreement with the previous deposition of
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Gc^Os. These results confirm the success in the precursor transport and oxide 
deposition, further work can be carried out for the search of suitable nitride processes.
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Figure 6.2 MEIS depth profile for a thin film deposited with Gd(MeCp)3 and water at 250"C 
using 300 ALD cycles.Data was taken for a dose of 2pC.
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Figure 6.3 XRD of the film (~70nm) deposited on silicon with Gd(MeCp)3 and water at 300"C 
with a TaN capping layer. The reference diffraction patterns for cubic Gd2Oj30,and cubic 
TaN (JCPDS card number 89-5196) are also shown.
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Nitride - Although Gc^Os can be deposited with Gd(MeCp)3 and water, the 
deposition of GdN using thermal ALD remains challenging. The thermal ALD growth 
using either of the nitrogen sources shows low growth rates compared to the 
deposition with water. For example, the growth rates for the various depositions using 
ammonia, MMH and water at 250°C were 0.22±0.06, 0.20±0.06 and
0.50±0.04 A/cycle respectively. The deposition without any co-reactant has a growth 
rate of 0.20±0.06 A/cycle due to thermal decomposition alone. It is clear that the 
nitrogen co-reactants have not reacted with the Gd(MeCp)3 precursor and that the 
observed deposition can largely be attributed to thermal decomposition.
Selected films for each co-reactant were analysed with MEIS to determine their 
chemical composition. Films were deposited with a target thickness of ~10nm for the 
Gd layers and with a further ~5nm of TaN as a protective cap. Figure 6.4 shows MEIS 
spectra for the films deposited with Gd(MeCp)3 with ammonia (400 cycles), MMH 
(400 cycles) at 250°C and for comparison, the film deposited with water (200 cycles) 
was also characterised. SIMNRA was used to interpret the spectra and to deconvolue 
overlapping peaks, the results for the films deposited with water and ammonia are 
also shown in Figure 6.5 and 6.6 respectively. Due to the layer roughness, the 
interface quality between the layers, and the straggling effect of ions in MEIS, the 
SIMNRA fittings are not optimum. The thickness extracted from peak deconvolution 
in Figure 6.5 and 6.6 has an error of ±lnm.
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Figure 6.4 MEIS raw spectra for films deposited with Gd(MeCp)j and either ammonia (400 
cycles), MMH (400 cycles) or water (200 cycles) at 250° C. All films were capped with a ~~5nm 
TaN cap layer. The spectra are displayed in (a) low- and (b) high-energy ranges.
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Figure 6.5 SIMNRA fittings for the MEIS spectrum of the film deposited with water (200
cycles) at 250 C. The spectrum is displayed in (a) low- and (b) high-energy ranges.
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Figure 6.6 SIMNRA fittings for the MEIS raw spectrum of the film deposited with ammonia 
(400 cycles) at 250 C. The spectrum is displayed in (a) low- and (b) high-energy ranges.
From high to low energy (Figure 6.4), tantalum, gadolinium, silicon, oxygen and
nitrogen signals can be assigned. At the energy of 185 keV, gadolinium peaks can be
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seen. Despite the longer growth cycles, the width of the gadolinium feature (Figure 
6.4b) is significantly narrower for ammonia and MMH compared with water, which 
corresponds to a thickness of 4, 3 and 7nm respectively. A surface oxygen peak 
(Figure 6.4a) is clearly visible at the energy of 120 keV and can be attributed to 
oxygen species absorbed on the surface of the TaN. A dip in the oxygen feature, 
which is particularly evident in the ammonia sample, corresponds to the TaN layer. 
The oxygen features for all samples clearly continue to penetrate through the depth of 
the remaining film material. The oxygen incorporation in both the ammonia or MMH 
samples is similar to the water sample, with a GdrO ratio of-1:1.5. At the energy of 
111 keV, a nitrogen peak is visible and can be attributed to the TaN layer, however, 
this feature discontinues after 107 keV in each sample, which corresponds to the edge 
of TaN layer. No significant nitrogen incorporation was detected in the Gd layer.
These results indicate unfavourable reaction thermodynamics between nitrogen co­
reactants and Gd(MeCp)3. This could be attributed to unmatched acidity constants 
(piQ between the MeCp complex and these co-reactants. The acidity constant, p^ of 
cyclopentadiene and ammonia are 15.5 and 33 respectively.[31] The pZ., of 
cyclopentadiene was used as an approximation for the MeCp group due to the 
availability in literature, and the piTa of MMH is likely to have a similar value as 
ammonia. A forward reaction requires a close match of the pTG between precursor and 
co-reactant. For example, water has a pKa of 15.7,[31] which matches the pTG of the 
MeCp group and hence Gd2G3 can be deposited using water and Gd(MeCp)3.[26] 
Neither ammonia, nor MMH are able to extract the MeCp group from the Gd 
precursor, and therefore the reaction is unfavourable. The high oxygen contamination 
in the films is most likely from trace levels of oxygen within the process and carrier 
gas supplies. Although significant effort has been made to minimize sources of
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oxygen within the reactor, it is likely that the partially decomposed Gd precursor acts 
as an oxygen getter on the surface. As a result, the thermal ALD approach using 
Gd(MeCp)3 with either ammonia or MMH was found to be unsuitable for the 
deposition of GdN within the temperature range studied.
6.2.2 Gd(MeCp)3 PEALD
PEALD provides highly reactive radicals and supplies additional energy to ALD 
surface reactions,[32] which may overcome the limitations of thermal ALD processes 
using co-reactants such as ammonia and MMH. PEALD using Gd(MeCp)3 with either 
H2/N2 plasma or pure N2 plasma was investigated using an OpAL plasma reactor and 
the growth conditions are summarised in Table 6.2. Unfortunately, there were no gas 
purifiers available on the gas lines of the OpAL plasma reactor, the Ar (BOC zero 
grade), H2 (Linde gas 99.995%) and N2 (BOC zero grade) gases were used as 
supplied. Films for characterisations were capped with a protective TaN layer 
deposited at 300°C using 100 ALD cycles with PDMAT and H2/N2 plasma (30/5sccm 
300W) The {PDMAT dose - purge - plasma dose - purge -} pulse sequence were {6s - 
5s - 3s - 5s
The growth rates were corroborated from the films deposited without a capping layer. 
This was suspected to introduce an error on measured thickness because the thickness 
can change when converting from Gd nitride to Gd oxide. However, this effect was 
found to be minimal. The thickness was compared for films with and without a 
capping layer when deposited using the identical conditions, the films with a capping 
layer are consistently 5nm thicker than those without a capping layer. The difference 
is in a good agreement with the thickness of the capping layer. This means that the 
film thickness has been retained regardless of the presence of a capping layer, 
showing post-deposition exposure to air has a minimal effect on the film thickness.
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Reactor, leak rate 
and cleaning 
method
OpAL plasma ALD reactor, ImTorr/min, 1 hour Ar 
pump and purge + H2 plasma
Gd(MeCp)3
transport
temperatures
135°C (bubbler) - 140°C (dosing pipes) - 140°C 
(chamber walls)
Substrate
temperature 150-300 °C
Gd(MeCp)i doses 150sccm 2s
Gd(MeCp)3
purge 250sccm 3 s
Co-reactant H2/N2 plasma N2 plasma
Co-reactant doses 5/30sccm 5s 300W 60sccm 0-1 Os 300W
Co-reactant
purge 250sccm 3s
Table 6.2 Growth parameters for the deposition of GdN using PEALD with Gd(MeCp)3 and
either H2/N2 plasma or N2 plasma.
6.2.2.1 N2 vs. H2/N2 plasma
EDX measurements show that the films deposited with N2 plasma (Figure 6.7a) have 
high levels of nitrogen incorporation with little oxygen; but for H2/N2 mixed plasma 
(Figure 6.7b), shows significant oxygen with undetectable nitrogen incorporation. X- 
ray diftraction (Figure 6.8) confirms that the crystal structure of as-deposited films 
using H2/N2 plasma is consistent with cubic Gd203, whereas the films deposited with 
N2 plasma are effectively amorphous. Films deposited using the same mixed plasma 
process with PDMAT rather than Gd(MeCp)3 produced TaN with only ~2 at.% 
oxygen as illustrated in Figure 6.15 by AES, which indicates that reactor integrity and 
gas purity are suitable for nitride deposition.
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Figure 6.7 EDXfor the film (~~70nm) deposited with (a) N2 plasma (5s), and (h) H2/N2 plasma 
(c) H2 plasma (5 s 60sccm) at 200°C. * is a feature associated with the Si substrate.
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Figure 6.8 XRDfor the film (7 Own) deposited with Flj, H2/N2 and N2 plasma at 20(7’C; 
reference diffraction patterns for cubic Gd2Oj30] and cubic TaN are also shown.
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Further thin film deposition was carried out using Gd(MeCp)3 with pure-hydrogen 
plasma, and the EDX results show that oxide films were formed (Figure 6.7c). XRD 
analysis also confirms that the films deposited with pure PI2 plasma have a cubic 
Gd203 structure (Figure 6.8). These results confirm that the oxide formation using 
H2/N2 mixed plasma is linked to the hydrogen plasma and its interaction with the 
Gd(MeCp)3. Hydrogen radicals are expected to act as strongly reducing agents. This 
means that they are likely to disassociate the MeCp ligands from the Gd metal centre. 
If this happens, then highly unstable Gd metal cores will be left, which are highly 
susceptible to reactions with even small traces of oxygen impurities The bare 
metal cores will essentially act as oxygen getters. In the case of the TaN process using 
PDMAT, the nitrogen from the amine group is less likely to be stripped away by the 
hydrogen radicals to expose the bare metal centre hence avoiding the gettering effect. 
Previous studies have shown that TaN can be deposited using amine-based precursor 
and radicals from a pure hydrogen plasma, without the need for an additional nitrogen 
source.[33J To avoid the oxide formation with the H2/N2 mixed gas plasma, the rest of 
this section will focus on hydrogen free plasma growth.
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6.2.2.2 N2 plasma process — Growth characteristics
with N2 plasma 
--o- without co-reactant
Temperature (°C)
Figure 6.9 Growth rate as a function of growth temperature for the PEALD using Gd(MeCp)} 
and either N2plasma (5s) or without co-reactant.
The growth rate is shown as a function of deposition temperature for the N2 plasma 
process in Figure 6.9. The growth rate at 150°C is -0.56 A/cycle, which is 
significantly higher than the growth rate without the plasma step, however, it 
decreases and stabilizes at -0.33 A/cycle for temperatures above 200°C. Although the 
growth curve between 200 and 300°C suggests an ALD window, it is clear that the 
thermal decomposition contributes to the overall deposition and hence, this is a non­
ideal ALD process. In PEALD, the inverse relationship between growth rate and 
temperature has also been previously observed in the PEALD of Si02,[34] Al203,[35] 
and TiCT^36* using O2 plasma. Although no explanation was given in these papers, 
some possible insights are raised by the EDX analysis in the current study.
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Figure 6.10 EDXfor the films (70nm) deposited using N2 plasma (5s) at (a) l5(fC, (b) 20ff,C 
and (c) 250°C. (d) the EDXperformed on a silicon substrate.
Figure 6.10 shows the EDX analysis for the films deposited at 150, 200 and 250°C, 
the samples were prepared with a similar thickness of ~70nm. The EDX spectrum for 
each sample was recorded three times at different locations and repeatable results 
were obtained. As emphasised in Chapter 3, carbon levels in EDX should be treated 
with care because the rotary pump used in the SEM can contribute to a background 
carbon signal. For this reason, a silicon substrate was used as a reference sample to 
extract the background carbon signal (Figure 6.10d).
Gd, N, O, C and Si were detected for the films deposited at different temperatures. 
The peak intensities tor Gd, N, O and Si features remain almost identical for all 
deposition temperatures. However, a significantly higher carbon peak can be observed 
for the films deposited at 150°C (Figure 6.10a) than those deposited at higher
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temperatures (Figure 6.10b,c), whose carbon peaks are close to the background level. 
These results show that more carbon has been incorporated in the films deposited at 
150 C than those deposited at higher temperatures. The high carbon incoiporation and 
high growth rates observed at 150°C are most likely due to incomplete reactions and 
by-product re-absorption. If the thermal energy at 150°C is insufficient to drive a 
complete reaction between Gd(MeCp)3 and N2 plasma, carbon rich ligands would be 
trapped in the film and consequently increase the thickness and carbon incorporation. 
The low temperature may also give rise to by-products condensation on the deposition 
surface, which also results in carbon impurity and higher growth rate. The stabilized 
growth rate at temperatures above 200°C (Figure 6.9) is due to a more complete 
reaction when additional thermal energy is given. This has resulted in a significant 
reduction in carbon incoiporation, which was confirmed by EDX of the films 
deposited at 200 and 250°C (Figure 6.10).
Although the thermal decomposition of Gd(MeCp)3 takes place in addition to the 
surface reactions, the films are uniform and the thickness variation is small. The 
thickness uniformity over a 40x40mm square area is 83% at 150°C, however, this 
improve readily to 95% at temperatures above 200°C (Figure 6.11). The best 
uniformity obtained in the current study is consistent with the previous oxide study 
using Gd(MeCp)3 and FfO/26^ which shows that Gd(MeCp)3 chemisorbs uniformly. 
The poor uniformity at lower temperature can be explained by localized incomplete 
reactions, as a consequence of the uniformity of the plasma gas flow. Previous study 
has shown that the radical distribution of an inductively coupled plasma is not 
uniform.[ ^ This means that the reactions at different locations on the substrate 
receive different amount of plasma energy, at 150°C these locations receiving 
insufficient plasma energy would suffer incomplete reactions, which lead to different
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thicknesses and affect the uniformity. At higher temperatures, the additional thermal 
energy compensates the non-uniform plasma power, the reactions at all locations can 
receive sufficient energy and therefore, the uniformity has been improved. Another 
possible explanation to the poor uniformity at lower temperature is the by-product 
re-absorption or condensation, which would be more dominant at lower temperatures.
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Figure 6.11 Thickness uniformity over a 40*40mm square for films deposited using N2 
plasma (5 s) as a function of deposition temperature.
The effect of nitrogen plasma dose was investigated at a fixed growth temperature of 
200°C for 0-10 second plasma exposures. The growth rate (Figure 6.12) clearly 
increases when the plasma exposure is introduced, however, after an initial peak at 
short exposures; the growth rate decreases towards a steady value of —0.35 A/cycle. 
The high growth rate at low plasma exposure times is again an indication of the 
incomplete exchange reaction between nitrogen radicals and Gd(MeCp)3. A similar 
growth behaviour has been reported for TaN deposited using PEALD with TaCl5 and 
H2/N2 plasma, where high chlorine contamination was found when the plasma 
exposure was insufficient.*38' This indicates that in the present study, a N2 plasma 
exposure time longer than 5s is required to deposit GdN films with low carbon
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incorporation and this principle has been followed when preparing the films for 
characterisations.
O 0.1
N2 plasma exposure (s)
Figure 6.12 Growth rate as a function of N2 plasma exposure at 200oC for the PEALD using
Gd(MeCp)} and N2 plasma.
6.2.2.3 N2 plasma process — Chemical composition
Selected films were analyzed in more detail using MEIS and AES to provide 
quantitative composition depth profiles through the films. Figure 6.13 shows the 
MEIS spectrum of a sample deposited at 200°C with 5s plasma doses. The film 
consists of a ~15nm thick GdN layer produced using 500 ALD cycles and a ~5nm 
TaN capping layer (300cycles). The energy-to-depth conversion was carried out using 
the stopping powers of He+ in TaN and GdN, with a density of 13.7 and 9.1 g/cm3 
respectively.1"91 SIMNRA was also employed for peak fitting and deconvolution.
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Figure 6.13 MEIS spectrum (low energy end) fitted with the SIMNRA simulation ofGdNthin 
film deposited at 200 C with N2 plasma (exposure time 5s). The film was capped with TaN. 
The inset shows the high energy end of the MEIS spectrum.
The high energy region of the MEIS spectra (Figure 6.13 inset) shows a tantalum 
peak (193.2-186.2 keV), which partially overlaps with the gadolinium feature (185- 
174.3 keV). From the width of the gadolinium peak extracted by deconvoluting the 
two peaks and the thickness measured by ellipsometry, film density is estimated to be 
6.1±1 g/cm3, which is around 70% of the bulk density.
At lower MEIS energies, silicon, oxygen and nitrogen features can be assigned, 
however, no carbon feature is observed, which, if present in the GdN layer, should 
appear at —98 keV. Due to the signals from double charged ions in MEIS, the current 
spectra is only displayed to 96 keV, meaning that the carbon incorporation within the 
first ~4nm of the GdN layer is below the practical detection limit (-9 at.%). The 
oxygen feature, which spans from 120.7 keV to 106.4 keV, is made up of three main 
regions. At the high energy edge (120.7 keV), a peak is observed, which can be
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attributed to surface oxygen on the TaN layer surface with a penetration of ~2nm into 
the surface. This surface oxygen is probably due to OH-groups absorbed when the 
sample was removed from the ALD reactor. The middle region of the oxygen feature 
is reasonably flat and represents oxygen at around 5 at.% within the bulk of the TaN 
and GdN layers. Finally, on the low energy side of the oxygen feature, a second small 
peak is observed (although it is partly obscured by the rising nitrogen edge); this can 
be attributed to oxygen within the native Si02 layer and at the interface between the 
GdN layei and the Si substrate. It should be noted that in the current process, the 
nitrogen and argon gases were used as supplied without any purification, trace levels 
of oxygen impurity in these gases may contribute to the observed oxygen 
incorporation in the film bulk (~5%). It is therefore anticipated that further 
improvements can be made by additional gas purification steps.
The nitrogen feature spans from 111.7 to 100 keV and can be attributed to nitrogen in 
the TaN (111.7-107 keV) and in the GdN (107-100 keV). Within the bulk of the GdN 
layei, the Gd:N ratio is found to be close to 1:1, which indicates a mono-nitride 
stoichiometry. Unfortunately, the nitrogen feature tails off from mid way through the 
GdN layer towards the SiC>2 interface. The decrease in nitrogen and increase in 
oxygen is evidence of the formation of an intermediate layer of GdOxNx_i when GdN 
grows on Si02. The same phenomenon is also observed in the GdN film deposited 
with MBE where an oxide substrate is used.[15] It is likely, that a significant 
improvement in the quality of the GdN layer could be made by removing the native 
SiC>2 and any absorbed oxygen species from the substrate before deposition. Despite 
these interface issues, the estimated bulk composition of the GdN layer is found to 
have a Gd:N ratio close to 1:1.
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Figure 6.14 Depth profile of the SIMNRA simulation obtained from Figure 6.13, which is the 
ME1S of GdNfilm deposited at 200°C with N2 plasma (exposure time 5s).
MEIS is a powerful technique for surface and interface analysis in thin films, 
however, with a material system such as GdN, where a protective cap is essential and 
interface layers are relatively thick, the GdN layer that was not affected by the 
interfaces is rather thin in the MEIS spectrum. Figure 6.14 shows the depth profiling 
of the SIMNRA simulation obtained from Figure 6.13, it can be seen that only 8nm of 
GdN can be used to extract the Gd:N ratio. Alternative techniques are required to 
fully assess the bulk properties of the deposited material. AES was performed by 
Hyeongtag Jeon from Hanyang University (South Korea)[39] to ascertain the depth 
composition of thicker films deposited at 200°C using 5s plasma doses. The details of 
the AES experiment can be found in Chapter 3.
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Figure 6.15 AES depth profiling of GdNfilm deposited with N2 plasma (5s) at 200°C, film 
thickness was estimated from the sputtering rate (7.1nm/min) and time.
Figure 6.15 shows the AES depth profile of the GdN sample deposited at 200°C, this 
sample has a ~70nm thick layer of GdN grown on SiO2/Si(100) with a ~20nm thick 
TaN cap. Ta, Gd, N, O and Si were detected, however, no carbon was seen. The Gd:N 
ratio in the bulk ol the GdN layer is 1:1.08 with around ~6 at.% oxygen, which is in a 
good agreement with the MEIS. The nitrogen signal is almost constant through the 
bulk ot the TaN and GdN layers, however, the tail edge of the nitrogen signal is 
clearly offset from the tail edge of the gadolinium signal. This offset, indicates 
interactions between the GdN layer with the oxide substrate, possibly oxygen 
diffusion from the native oxide into the Gd layer, resulting in the formation of 
Gd-oxynitride interlayer, in a good agreement with the MEIS data.
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6.2.2.4 N2 plasma process - microstructure and morphology
The XRD analysis for the films deposited at 200°C is shown in Figure 6.8, where no 
diffraction pattern can be seen, identical results were obtained for films deposited at 
other temperatures (not shown). These results show GdN films deposited in the 
current study are effectively amorphous; this can be attributed to the low deposition 
temperature compared to other techniques. The absence of any diffraction pattern also 
ascertains that there is effectively no crystallized oxide formed in the films deposited 
by N2 plasma.
AFM shows that the as-deposited films are very smooth. Figure 6.16 shows the AFM 
image of a ~70nm film deposited by N2 plasma at 200°C, the surface roughness, Ra, 
was found to be 0.7nm when the substrate roughness is 0.3nm. GdN films (Ipm thick) 
deposited by CVD were reported to have a surface roughness of 60nm.,2IJ A smooth 
surface is desired in spintronic devices as it has been reported to significantly improve 
the device performance.[401 The sub-nanometre surface roughness of the film 
deposited in this study is therefore, an added advantage of ALD.
lim Rmax 11.478nm
Figure 6.16 AFM image of a 1 by 1 jum2 area on the GdNfilm deposited using PE ALD with 
Gd(MeCp)3 and N2 plasma (5s) at 200°C. The film has a thickness of 70nm.
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6.2.3 Gd{N(SiMe3)2}3 thermal ALD
The thermal ALD study using Gd{N(SiMe3)2}3 (supplied by SAFC-Hitech) and either 
ammonia or MMH was conducted using the OpAL thermal reactor, the growth 
conditions are summarised in Table 6.3. The co-reactant dosing conditions were 
adopted from the results presented in chapter 4, which has demonstrated that they are 
sufficient to saturate the surface area in the reactor. Films were deposited on 
50x50 mm square P type Si (100) substrates and glassy carbon substrates (HTW 
SIGRADUR G). As explained in Chapter 3, the glassy carbon substrates were used to 
accommodate EDX analysis to determine the silicon incorporation in the film. TaN 
capping layer was also employed and was deposited using the method described in the 
section 6.3.1.
Reactor, leak rate 
and cleaning 
method
OpAL thermal ALD reactor, ImTorr/min, 1 
hour Ar pump and purge
Gd(N(SiMe3)2)3
transport
temperatures
140°C (bubbler) - 150°C (dosing pipes) - 
150°C (chamber walls)
Substrate
temperature 150-350 °C
Gd(N(SiMe3)2)3
doses 150sccm 2-13s
Gd(N(SiMe3)2)3
purge 250sccm 5-60s
Co-reactant Withoutco-reactant Ammonia MMH
Co-reactant doses N.A. 1 Osccm 6s 20-30ms vapour draw
Co-reactant purge 250sccm 5-60s
Table 6. 3 Growth parameters for the deposition of GdN using thermal ALD with 
Gd{N(SiMe3)2}3 and either ammonia or MMH.
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The results show that the growth rates for ammonia are significantly low, typically 
close to the growth rates without any co-reactant. For example, the growth rates for 
the films deposited with MMH, ammonia and without any co-reactant at 200°C were 
0.7±0.03, 0.3±0.05 and 0.4±0.05 A/cycle respectively, a similar result has also been 
observed at 300°C. The low growth rates have also been confirmed by the EDX 
analysis (Figure 6.17), which only detected a trace level of gadolinium in the films 
deposited using ammonia at either 200°C or 300°C after 1800 cycles, whereas the 
films deposited with MMH using the same temperatures and cycle length exhibit good 
Gd incorporation, showing a significantly higher growth rate.
> 1000
2 500
Gd Ta
0 2 4 6 8 10
Energy (keV)
> 1000
3 500
Energy (keV)
Figure 6.17 EDX for the films deposited at 200°C using 1800 cycles with Gd{N(SiMe3)2}3 (5 s) 
and either (a) ammonia or (h) MMH. Both precursor and co-reactants purges were 30s. * is a
feature associated with the Si substrate.
These results indicate that the reaction between Gd{N(SiMe3)2}3 and ammonia is 
thermodynamically unfavourable. The reactivity of ammonia relies heavily on the 
deposition temperature. This has been demonstrated by the work presented in Chapter 
4 that a deposition temperature of 300°C is required to obtain high density TaN films 
using PDMAI and ammonia, the films deposited at lower temperatures exhibit poor 
densities with lower growth rates. The same may apply to the Gd{N(SiMe3)2}3 study
173
that a deposition temperature of 200°C is insufficient to drive the reaction between 
Gd{N(SiMe3)2}3 and ammonia, meaning that more thermal energy is required. 
However, the growth results of Gd{N(SiMe3)2}3, which are presented in Figure 6.18, 
show that this precursor displays desorption behaviour at high temperatures (above 
300°C), resulting in low growth rates.*27' This means that increasing the growth 
temperature is unpractical when using Gd{N(SiMe3)2}3, deposition must be 
conducted at low temperatures to allow adsorption of the precursor. The reactivity of 
ammonia and the absorption of the precursor do not share a common temperature 
window and thus, the process was unsuccessful. However, as demonstrated in chapter 
4, the MMH has a superior reactivity than ammonia at temperatures as low as 200°C 
and therefore, films have been deposited with Gd{N(SiMe3)2}3 and MMH. For this 
reason, the rest of the section discusses the MMH based process.
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Figure 6.18 The growth rate as a function of growth temperature for the 300 cycles ALD 
using Gd{N(SiMe3)2}3 with either MMH or without any co-reactant. The (Gd{N(SiMe3)2)3- 
purge - MMH -purge -) sequence was (5s - 30s - 20 ms - 30s -).
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The effect of deposition temperature was investigated using Gd{N(SiMe3)2}3 and 
either MMH or without any co-reactant between 150 and 350°C using the 
(Gd{N(SiMe3)2}3 - purge - MMH - purge -) sequence of (5s - 30s - 20ms - 30s -). 
In the absence of a co-reactant (Figure 6.18), growth rate was found to be inversely 
dependent on the temperature, decreasing from ~0.7 A/cycle at 150°C to 0.2 A/cycle 
at 350°C. This is consistent with previous work reported by Kukli et al.,[27] where 
Pr{N(SiMe3)2}3 was used as a source for Pr-oxide ALD. In this study, the authors 
found that the growth rate decreases dramatically with increasing temperature and no 
film could be deposited at temperatures higher than 400°C. The high growth rates at 
low temperatures could be attributed to either thermal decomposition or condensation 
of the precursor, however, the self-limiting behaviour observed at 200°C (Figure 6.19) 
confirms that the former is unlikely. The precursor decomposition would lead to 
CVD-like reactions and result in increasing growth rate with increasing precursor 
doses. Figure 6.19 shows that this is not the case, the growth rate saturates with 
increasing precursor doses and hence, the high growth rates at the low temperatures 
are believed to be a consequence of precursor condensation. The growth rates of films 
deposited with MMH are higher than those deposited without any co-reactant at all 
temperatures, indicating a reaction between Gd{N(SiMe3)2}3 and MMH.
In order to answer the question whether Gd{N(SiMe3)2}3 is suitable for self-limiting 
ALD, the effect of dose was studied. The experiment was carried out at 200°C due to 
the low growth rates at higher temperatures, the Gd{N(SiMe3)2}3 dose was varied 
between 0 and 13s with 20ms MMH and either 5 or 30s purge. With a short purge of 
5s (Figure 6.19), the growth rate increases dramatically from 0 to 1.1 A/cycle for the 
Gd{N(SiMe3)2}3 dose between 0 and 9s, showing that the growth rate is not saturative 
but dependent on the total flux of Gd{N(SiMe3)2}3. This is due to an insufficient
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purge, which results in precursor overlapping and CVD-like reactions. With a longer 
purge (30s), the growth rate clearly becomes saturative (0.7 A/cycle) for doses higher 
than 5s, showing that Gd{N(SiMe3)2}3 is a self-limiting precursor. A similar 
saturative growth rate has also been observed with increasing MMH doses. An 
additional film was deposited with 9s Gd{N(SiMe3)2}3 doses, 30ms MMH doses, and 
30s purge, the resulted growth rate remains at ~0.7 A/cycle, showing that both 
Gd{N(SiMe3)2}3 and MMH half-reactions are self-limiting.
—^ with 30s purge 
-o-- with 5s purge
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Figure 6.19 The growth rate as a function of Gd{N(SiMe3)2}3 dose at 200° C with 20ms MMH
and either 5s or 30s purge.
The effect of purge was studied in more detail at 200°C using the (Gd{N(SiMe3)2}3 - 
purge — MMH — purge —) sequence of (9s — n — 20ms — n —), where n was varied 
between 5 to 60s. The growth rate decreased between 5 and 30s and then plateaus at 
longer times. The high growth rates at low purges indicate insufficient purge time to
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remove excessive precursors and by-products in the gas phase, resulting in a CVD- 
like process. The saturated growth rates at high purges (>30s) show that the self- 
limiting deposition has been achieved using Gd{N(SiMe3)2}3. The results outlined 
above conflicts with the paper reported for Pr{N(SiMe3)2}3[27J, where no self-limiting 
behaviour was observed. This is most likely due to the limited experimental range 
covered by those authors, in which a purge length of 0.5s was used without justifying 
that it is sufficient to eliminate gas phase reactions.
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Figure 6.20 The growth rate and film uniformity (40 x40mm) as a function ofpurge time for 
the ALD deposition using Gd{N(SiMe3)2}3 with MMH at 200°C. The (Gd{N(SiMe3)2}3 - purge 
— MMH—purge —) sequence was (9s — n — 20ms — n —), where n was varied 5-60s.
In ALD, self-limiting growth offers excellent uniformity and this has been observed 
in this study. The uniformity across a 40x40mm square (Figure 6.20) is poor at 5s 
purge, however, gradually improves when the purge increases and eventually achieves 
~96% when the purge is greater than 30s. A similar trend was also observed with the 
increasing Gd{N(SiMe3)2}3 dose when using a purge of 30s (Figure 6.21). The
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uniformity increasing from 80% to 94% between 0-5s and further saturates at 96%. 
These results further confirm that Gd{N(SiMe3)2}3 is a good ALD precursor for self- 
limiting deposition.
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Figure 6.21 The growth rate as a function of Gd{N(SiMe3)2}3 dose for the ALD deposition 
with MMH at 200°C. The (Gd{N(SiMe3)2}3 - purge - MMH - purge —) sequence was (ns — 
30s - 20ms -30s -), where n was varied from 0-13s.
The growth results outlined above show that precursor transport is successful and that 
precursor absorption onto the substrate is self-limiting. Unfortunately, EDX shows 
that the films deposited with MMH (~100nm) are predominantly composed of 
gadolinium, oxygen and silicon. Figure 6.22a shows the EDX of films deposited on 
silicon at 200°C, whereas Figure 6.22b shows the EDX of same film but deposited on 
the glassy carbon substrate. In both cases, no nitrogen signal can be detected and high 
levels of gadolinium and oxygen are seen. In the EDX of the film deposited on glassy 
carbon (Figure 6.22b), a clear peak can be seen at the energy of 1.7 keV, which may 
be assigned to silicon Ka and Kp features. However, this feature may also be assigned
178
to tantalum Ma, which is also near 1.7 keV. According to Oxford Instruments, the 
tantalum Ma feature has a similar intensity as the tantalum La feature, which is seen 
as a small peak at 8.15 keV. The peak at 1.7 keV has a significantly larger intensity 
than the peak at 8.15 keV, showing that the contribution of tantalum Ma to the peak at 
1.7 keV is small and silicon is incorporated in the film. The presence of silicon and 
the absence of nitrogen indicate a partial decomposition of the silylamine group 
during the reaction. Similar silicon incorporation has also been reported for the oxide 
ALD using Pr{N(SiMe3)2}3.[271
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Figure 6.22 EDXfor the films (~J00mn) deposited with Gd{N(SiMe3)2}3 (5s) and MMH at 
200nC on (a) silicon and (h) carbon substrates. No nitrogen is found in the films. * is assigned 
to a unique feature associated with the silicon substrate.
The high oxygen content in the film is most likely linked with the purity of the 
Gd{N(SiMe3)2}3 precursor. In this study, the possible oxygen sources are the chamber 
leakage and the impurities in Gd precursor, carrier gas and MMH. Based upon the 
results presented in chapter 4, the reaction chamber, the carrier gas and MMH are 
believed to contain negligible oxygen because the PDMAT and MMH process has 
resulted in Ta3Ns films with oxygen incorporation below the detection limit of MEIS 
(5%). This means that the Gd{N(SiMe3)2}3 precursor is highly likely to be the oxygen
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source. According to SAFC-Hitech, tetrahydrofuran (THF), an oxygen containing 
molecule, was used as the solvent to prepare the Gd{N(SiMe3)2}3 precursor. Although 
some sublimation steps were taken to minimise the THF incorporation, the impurity 
level of the precursor was not characterised and therefore, the Gd{N(SiMe3)2}3 used 
can be contaminated with oxygen.
The growth rate of the MMH process is consistently higher than the process without 
any co-reactant (Figure 6.19), indicating that there is a reaction between the MMH 
and the Gd{N(SiMe3)2}3. If the Gd precursor was pure, the reaction between 
Gd{N(SiMe3)2}3 and MMH would probably leads to GdSixNy depending on whether 
the silylamine groups cleave off cleanly. However, if the Gd precursor was 
contaminated with oxygen, the nitride formation would be unlikely due to the high 
affinity of Gd to OJ15-1 It is therefore anticipated that the contamination level of the 
Gd{N(SiMe3)2}3 should be assessed and further purification steps should be 
developed to improve the precursor purity, these are beyond the scope of this study 
and are not treated further.
6.3 Summary
GdN films with a 1:1 Gd:N ratio have been successfully deposited at low 
temperatures by a PEALD based process using Gd(MeCp)3 and nitrogen plasma. 
Although the process is not fully self-limiting due to partial decomposition, films with 
low oxygen and carbon incorporation, good uniformity (95%), and smooth surface 
(R.a.=0.7nm) have been obtained. It is anticipated that further improvement could be 
made by substrate cleaning and gas purifications. The present study has considered a 
wide range of nitrogen co-reactant and has demonstrated the first successful GdN
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deposition using an ALD based processes. This approach might also be used for the 
deposition of other RE nitrides. Thermal ALD GdN processes using Gd(MeCp)3 and 
ammonia or hydrazine are unsuccessful due to unfavourable reaction 
thermodynamics.
Gd{N(SiMe3)2}3 processes with both ammonia and MMH were also investigated. 
Although the process using ammonia is thermodynamically unfavourable, the results 
indicate a reaction between Gd{N(SiMe3)2}3 and MMH. Unfortunately, the deposited 
films were predominantly composed of gadolinium, oxygen and silicon. The silicon 
incorporation was attributed to partial breakdown of silylamine groups, where the 
oxygen contamination was attributed to the possible THF contamination in the 
precursor. Despite these issues, the significance of this study should not be 
overlooked. The results show that Gd{N(SiMe3)2}3 exhibits a saturative growth rate 
with increasing precursor doses, showing good self-limiting behaviour. If the oxygen 
contamination in the Gd source can be removed, GdSixNy may be deposited in a self- 
limiting manner.
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Chapter 7. Conclusions and suggestions 
for possible future work
7.1 Tantalum nitride
Tantalum nitride has been identified in the literature as a good candidate for diffusion 
barriers and gate electrodes in microelectronic devices. Currently, the conductive 
mono-nitride is desirable and its deposition was a challenge in the previous thermal 
ALD studies of TaNx. In the current study, the deposition of conductive TaN 
(Ta:N=l:l) and highly resistive TasNs (Ta:N=T:1.6) has been demonstrated using 
thermal ALD with PDMAT and either ammonia or MMH as a co-reactant 
respectively.
The growth temperature of the ALD processes using PDMAT is limited to 300°C as 
higher temperatures lead to thermal decomposition of the PDMAT, resulting in CYD- 
like growth and carbon contamination in the films. The ammonia process shows 
absence of an ALD temperature window, however, the MMH process shows a 
temperature window between 200 and 300°C. The absence of an ALD window for the 
ammonia process was attributed to the insufficient reactivity of ammonia at low 
temperatures, which results in a reactivity limited growth rate. The ALD window 
observed with the MMH process was attributed to the high reactivity of MMH at low 
temperatures, which results in a chemisorption limited growth rate. Both processes 
exhibit saturative growth rates with increasing doses of PDMAT, ammonia, and 
MMH, showing good self-limiting behaviour. At the optimum deposition temperature 
of 300°C, the growth rates were 0.6 and 0.4 A/cycle for the ammonia and MMH based 
processes respectively.
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QCM analysis has been employed to study the detailed growth at 300°C, and the mass 
gain results correlates well with the growth rates obtained by the ellipsometry 
measurements. The low growth rate in the MMH based process was due to poor 
chemisorption of PDMAT molecules on the surface, which indicates an insufficient 
number of reaction sites on the MMH terminated surface. Mass gain and mass loss 
observed in the QCM measurements have been used to elucidate the chemisorption 
mechanisms of PDMAT. On average, one PDMAT molecule chemisorbs onto the 
ammonia terminated surface by reacting ~3.1 dimethylamido ligands, whereas on the 
MMH terminated surface, it chemisorbs by reacting ~2.7 dimethylamido ligands. This 
supports the hypothesis that fewer surface sites are available in the MMH terminated 
surface compared to the ammonia terminated surface. The lack of reaction sites can be 
attributed to the steric hindrance of the MMH molecules.
Films deposited in this study show good correlations between their chemical 
composition, colour appearance, electrical resistivity, and microstructure if 
crystallized. The mono nitride was found to have a grey appearance with low 
resistivities (<0.2 CLcm), whereas the nitrogen rich nitride was found to have a yellow 
appearance with high resistivities (>6 Q.cm). Films deposited with ammonia at 300°C 
were found to be cubic TaN with the best resistivity of 70 mQ.cm, which is lower 
than the values reported in previous thermal ALD studies of TaN. During this ALD 
process, tantalum must undergo a reduction reaction from Ta(V) to Ta(III) to form 
TaN. Ammonia is able to reduce PDMAT to produce TaN without the need for an 
additional reductant. This contradicts with the previous papers and is the first time 
that the reduction of a tantalum precursor has been achieved by ammonia. Although 
conductive TaN is currently preferred for the applications as diffusion barriers, the 
significance of the MMH based process presented here, which produces TasNs,
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should not be overlooked. This low temperature (200°C) process produces amorphous 
films that are expected to be a better diffusion barrier than those deposited with 
ammonia at the same temperature. This was attributed to the high reactivity of MMH.
7.2 Hafnium nitride
Hafnium nitride is another transition metal nitride and has also been previously 
identified as a good candidate for diffusion barriers and gate electrodes in 
microelectronics. Although HfNx has been previously deposited using both thermal 
and PE ALD, the differences between these techniques were unclear due to the lack of 
a systematic study. In the current work, a direct comparison has been made between 
thermal and PE ALD for the deposition of HfNx, and the process characteristics of 
PEALD has been identified.
In the thermal ALD process using TDMAH and ammonia, an ALD temperature 
window was observed between 100 and 300°C, higher temperatures lead to thermal 
decomposition of the precursor. At 300°C, growth rates are saturative with increasing 
TDMAH and ammonia doses, showing good self-limiting behaviour. However, 
as-deposited films were found to contain oxygen, which is attributed to oxygen 
ingress during post-deposition exposures to air, and a layer of HfOxNy was formed 
within ~10nm from the surface. The low film density (10.3 g/cm3), which gives rise to 
large number of defects and dangling bonds, is largely responsible for the oxygen 
ingress.
A direct comparison has been made between thermal and PE ALD using TEMAH 
with either molecular ammonia or an ammonia plasma. Self-limiting behaviour has
been observed for both TEMAH and ammonia half-reactions. Some advantages were
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found for the PEALD process compared with the thermal ALD process: PEALD 
allows shorter purge time, which significantly reduces the cycle length; PEALD also 
results in higher film density. The density of the films deposited by PEALD and 
thermal ALD are 11.6 and 9.7 g/cm3 respectively. This has significantly improved 
film stability during post-deposition exposures to air. The oxygen penetration in the 
films deposited by PEALD was less than 4nm from the surface, whereas oxygen 
penetration in the films deposited by thermal ALD was greater than 1 Onm.
In-situ mass spectrometry measurements have indicated that these process 
characteristics are attributed to the nature of the co-reactants, namely, radicals of 
hydrogen and nitrogen in the case of PEALD. The reactivity and the short life time of 
these radicals are believed to be responsible for the high film density and short purge 
time observed in the PEALD processes. It should however, be noted that a short life 
time of the co-reactant is an advantage when depositing films on plane substrate, but 
can be a limitation when depositing films on high-aspect ratio structures as radicals 
may not be able to reach the bottom of the trench and hence, the conformality can be 
affected for PEALD processes.
Films deposited by both processes have a nitrogen rich, HfslSL stoichiometry and low 
oxygen and carbon incorporations in the film bulk. Four point probe measurements 
indicate that these films are dielectric, in a good agreement with the expected 
electrical behaviour of the nitrogen rich nitride. XRD results show that all films are 
amorphous and this has been confirmed by TEM. The thermal stability of Hf3N4 films 
deposited by PEALD on silicon has been assessed by post-deposition vacuum 
annealing. MEIS show that the films undergo a densification process with the 
densities increase from 11.6 to 12.8 g/cm3. No inter-diffusion between Hf and Si has
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been observed and the films remain amorphous up to 800°C, making them a good 
candidate for diffusion bander applications.
7.3 Gadolinium nitride
Gadolinium nitride, as a member of rare-earth nitrides, is a ferromagnetic 
semiconductor and has potential applications in spintronic devices. No previous 
attempt of producing these nitrides by ALD has been reported. In this thesis, a search 
for an ALD process for the deposition of GdN has been conducted. GdN films with a 
1:1 Gd:N ratio have been successfully deposited at low temperatures by a PEALD 
based process using Gd(MeCp)3 and nitrogen plasma. Although the process is not 
fully self-limiting due to partial decomposition of Gd(MeCp)3, films with low oxygen 
and carbon incorporation, good uniformity (95%), and smooth surface (R.a =0.7nm) 
have been obtained. It is anticipated that further improvement could be made by 
substrate cleaning and gas purifications. Thermal ALD processes using Gd(MeCp)3 
and ammonia or hydrazine were unsuccessful due to unfavourable reaction 
thermodynamics. The acidity constant of the MeCp group and either ammonia or 
MMH are incompatible and therefore, a forward reaction to form nitride is 
unfavourable.
ALD processes using Gd{N(SiMe3)2}3 with either ammonia or MMH were also 
investigated. The process using ammonia is thermodynamically unfavourable, 
however, the results indicate that a reaction between Gd{N(SiMe3)2}3 and MMH does 
take place. Unfortunately, the as-deposited films were predominantly composed of 
gadolinium, oxygen and silicon. The silicon incorporation was attributed to partial 
breakdown of silyl amine groups, while the oxygen contamination was attributed to
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THF contamination in the precursor. THF was used by SAFC-Hitech as a solvent to 
prepare the Gd{N(SiMe3)2}3, although purification steps have been used to remove 
the solvent, it is likely that some traces remained. Despite these issues, the 
significance of this study should not be overlooked. The results show that 
Gd{N(SiMe3)2}3 exhibits a saturative growth rate with increasing precursor doses, 
showing good self-limiting behaviour. If the oxygen contamination in the Gd source 
can be removed, GdSixNy may be deposited in a self-limiting manner. It should 
however be noted that the precursor purification is not a trivial process would 
probably require a different synthesis route which does not introduce THF or similar 
oxygen sources.
7.4 Suggestions for possible future work
The research carried out in this thesis has raised further questions which are beyond 
the scope of the current study, but would be worthwhile pursuing in the future.
It has been shown in chapter 4 that tantalum mono-nitride and nitrogen rich nitride 
has been deposited using the ammonia and MMH based processes respectively. 
Although the MEIS, XRD and electrical results confirm that the reduction of the 
tantalum precursor has been achieved using ammonia without additional reductant, 
the mechanism is still unclear. In-situ monitoring techniques including infrared 
spectroscopy and x-ray photoelectron spectroscopy could identify surface species, 
in-situ analysis using mass spectroscopy could characterise gas phase composition 
and diagnose reaction by-products. These would provide additional experimental 
evidence to the reduction reaction and hopefully the mechanism can be elucidated.
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At the optimum growth temperature of 300°C, the growth rate of the MMH process 
was lower than the ammonia process. This was attributed to steric hindrance of the 
co-reactant molecules, which restricted the surface reaction sites and hence reduced 
the growth rate. The steric hindrance and the reactivity of hydrazines can be modified 
by adding more side groups to the basic hydrazine (Figure 7.1). The N-N bond 
strength would be weaker when adding more side groups to the basic hydrazine and 
thus make the co-reactant more reactive.1'1 Additional side groups on the basic 
hydrazine would increase the steric hindrance and hence decrease the reaction 
kinetics. The exact effect of different hydrazines in ALD deposition is currently 
unclear in the literature. A systematic study using different hydrazines with a 
consistent metal precursor would answer the question. Both growth behaviour and the 
resulted nitride phase are worth investigating because other hydrazines may reduce 
the tantalum precursor and deposit conductive TaN. Carbon incorporation should also 
be assessed because additional groups on the basic hydrazine may decompose during 
the process and introduce carbon contamination into the film.
Higher reactivity
h2n--------nh2
Hydrazine
h,c ,ch3
h3c
\
HN- -NHc
Monomethyl
hydrazine
H.C-V
\
HN--------NH2
Tert-butyl
hydrazine
Higher steric hindrance
Figure 7.1 The change of reactivity and steric hindrance when adding different groups on the
basic hydrazine.
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In addition, to fully adopt the TaN and TasNs processes reported in chapter 4 to a real 
device, the diffusion barrier properties, work functions and high aspect ratio coatings 
should be assessed subject to the application. The diffusion barrier property can be 
investigated by depositing Si/TaNx/Cu structure, and investigating the sheet resistance 
and XRD diffraction patterns of the layer stack as a function of annealing 
temperatures. The Si-Cu diffusion would lead to higher sheet resistances due to the 
formation of resistive copper silicide, which if crystallized, can also be detected by 
XRD. MEIS and AES may also be used to depth profile the chemical composition. 
The work function of the conductive nitride may be studied by fabricating the 
TaN/dielectric/Si capacitor structures and studying the capacitance-voltage curves.
The work reported in chapter 5 shows that films deposited using thermal ALD with 
ammonia exhibit low density. One possible future work in thermal ALD is to try 
hydrazine based co-reactants, which may improve the quality of resulted films.
The comparison between thermal and PE ALD clearly demonstrates the advantages of 
PEALD in terms of film density and required purge time when depositing films on 
plane substrates. If the films are to be used as a diffusion barrier, further research 
should be earned out to investigate high aspect ratio coatings using PEALD. The 
literature data shows that conformal coatings using PEALD is particularly 
challenging. To date, the best reported result is the PEALD process of Ta, with an 
aspect ratio of 15:1 (trench diameter ~100nm).[2^ This is low compared with thermal 
ALD and is due to the short life time of radicals, some may not be able to reach the 
bottom of the trench.1-31 Further study, which optimises the deposition pressure, radical 
flux, plasma power, and plasma expose time, may yield a better result. The roadmap 
of semiconductors indicates that that by 2015,^ the aspect ratio for the global wiring
191
will increase to 20:1 (trench diameter 2-4jam) and therefore, conformal coatings on 
these structures are necessary for the application as a diffusion barrier.
By searching the literature, another point of interest is raised for PEALD - batch 
processes. Several reports and commercial ALD reactors are available for the thermal 
batch ALD processes,^5"7-* however, to date, none has been reported using PEALD. 
The difficulty is again associated with the short life time of the radicals. A successful 
PEALD batch process would significantly increase the throughput and opens up a 
new manufacturing route for the deposition of challenging materials such as nitrides 
and metals using ALD. A recent European based research project has already taken 
this on board.
The results reported in chapter 6 have achieved the first GdN deposition using an 
ALD based process. A trace level of oxygen (5%) was detected in the film bulk, 
however, it is anticipated that the oxygen impurity can be reduced by surface cleaning 
prior to the deposition and additional gas purification steps. To fully adopt the GdN 
layer in spintronics, the functional properties including the Curie temperature, 
magnetic moment, and band gap of the GdN films should also be assessed in the 
future.
In the PEALD process using Gd(MeCp)3 and N2 plasma, it was speculated that the 
film uniformity was affected by the uniformity of the plasma. Further optimisation 
can be made for a more uniform plasma. The uniformity of a plasma is highly 
desirable in remote dry etching processes and compared with this field, less 
optimisations have been considered for the plasma source used in PE ALD. It is
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therefore anticipated that some knowledge can be transferred from the etching process 
and help the development of a more uniform plasma in PE ALD.
The ALD process using Gd{N(SiMe3)2}3 with MMH exhibits self-limiting behaviour, 
however, the process did not deposit nitride due to the possible contamination in the 
Gd precursor. The purity of the Gd{N(SiMe3)2}3 should be assessed to confirm the 
impurity level, further purification steps should be developed to improve the purity of 
the precursor. For the deposition of challenging materials such as rare-earth nitride 
using ALD, further research in precursor development is needed for better and purer 
precursors. Alternative oxygen free precursors are required, which can overcome the 
limitations of precursor decomposition in the work reported for Gd(MeCp)3, and the 
silicon incorporation in the work reported for Gd{N(SiMe3)2}3. One possible 
candidate is amidinate based precursor and this can be investigated in the future.
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Appendix I — MEIS depth profiles for Chapter 4
Density = 9.6±1 g/cm 
Atomic percentage (%) (4-8nm) 
Tantalum 37±1.5
Nitrogen 46±8
Oxygen 27±5
Tantalum
Nitrogen
Oxygen
Silicon
Surface Thickness (nm) Substrate
Figure 1 MEIS depth profiles offilm deposited using 6s PDMA T and 3s ammonia for 300 
cycles at 200°C. Data were taken for a dose of 6pC.
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Figure 2 MEIS depth profiles offilm deposited using 6s PDMA T and 3s ammonia for 200 
cycles at 300°C. Data were taken for a dose of 6pC.
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Density = 9.5±1 g/cm3
Atomic percentage (%) (4-6nm)
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Nitrogen 27±8
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Figure 3 MEIS depth profiles offilm deposited using 6s PDMAT and 3 s ammonia for 100 
cycles at 350°C. Data were taken for a dose of 6pC.
Figure 4 MEIS depth profiles of film deposited using 6s PDMAT and 20ms MMHfor 250 
cycles at 200°C. Data were taken for a dose of 6pC.
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Figure 5 MEIS depth profiles of film deposited using 6s PDMA T and 20ms MMHfor 250 
cycles at 300°C. Data were taken for a dose of 6pC.
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